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 1 
Abstract 
 
The behavior of a self-centering moment resisting frame (SC-MRF) is characterized 
by connection gap opening and closing at the beam-to-column interfaces. An SC-MRF 
uses horizontally-oriented high strength post-tensioning (PT) strands to precompress 
the beams to the columns. The PT force closes the gaps that develop under earthquake 
loading, returning the frame to its initial pre-earthquake position (i.e. the frame is 
“self-centering”). Energy dissipation devices can be used to reduce the seismic 
response of an SC-MRF. PT fuse devices can be installed to enhance the collapse 
prevention performance of an SC-MRF.  
The scope of this study includes validation of a performance-based design (PBD) 
procedure and a floor diaphragm concept, experimental and analytical studies of a 
large-scale SC-MRF test structure, and evaluation of the performance of the SC-MRF 
test structure. 
A PBD procedure for SC-MRF systems from previous work was adopted and 
modified. A prototype 4-story 7x7-bay SC-MRF building was designed. A large-scale 
model of the prototype SC-MRF (denoted SC-MRF test structure) was developed. 
Static pushover experiments and earthquake hybrid simulations were conducted to 
study the connection behavior and system-level response of the SC-MRF test 
structure, as well as to validate the PBD procedure and associated design criteria. 
 2 
Results from this study indicate the SC-MRF test structure performed well. 
Experimental results show the softening of the lateral force-lateral drift response of the 
SC-MRF test structure was due to gap opening at beam-to-column interfaces; the 
beams and columns of the SC-MRF sustained modest yielding; the SC-MRF test 
structure maintained self-centering behavior; the energy dissipation device used in the 
SC-MRF test structure dissipated an appropriate amount of seismic energy; the PT 
fuse device that was studied has the potential to reduce the probability of collapse 
under intense earthquake shaking. The SC-MRF test structure satisfied the PBD 
objectives and target performance. The PBD procedure and criteria provide reasonable 
estimates of design demands and overall system-level performance. Analytical results 
show an SC-MRF, compared to a conventional steel welded special moment resisting 
frame (W-SMRF), has improved performance without using oversized sections; an 
SC-MRF does not need to be designed to remain linear elastic to maintain damage-
free behavior under the design earthquake. 
 
 3 
Chapter 1  Introduction 
 
1.1. Overview 
Conventional steel welded special moment resisting frames (W-SMRFs) use fully 
restrained welded connections between the beams and columns (Figure 1.1). These 
connections are designed so that under the design basis earthquake (DBE), significant 
inelastic deformations develop in the beams, leading to the formation of plastic hinges. 
After significant plastic deformation occurs, these plastic hinges may have significant 
damage which may result in residual drift. Miranda (2009) found that the amplitude of 
permanent residual story drift, rather than collapse, is the most important contributor 
to economic losses for ductile structures, and although ductile structures are highly 
resistant to collapse when subjected to intense ground motions, but residual drift leads 
to a significant probability of being demolished after an earthquake. Although the 
structural damage might be repairable, it is often more economical to demolish rather 
than to repair a building with large residual drift. 
The behavior of a self-centering moment resisting frame (SC-MRF) is characterized 
by connection gap opening and closing (Figure 1.2) at the beam-to-column interfaces. 
An SC-MRF uses horizontally-oriented high strength post-tensioning (PT) strands to 
precompress the beams to the columns. The PT force closes the gaps that develop 
under earthquake loading, returning the frame to its initial pre-earthquake position (i.e. 
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the frame is “self-centering”). Energy dissipation devices can be used to reduce the 
seismic response of an SC-MRF. PT fuse devices can be installed to enhance the 
collapse prevention performance of an SC-MRF. 
The SC-MRF system has been developed to minimize structural damage during the 
DBE and avoid permanent residual drift. The gap opening allows the beam to rotate 
relatively to the column without damaging the beam or column, enabling an SC-MRF 
to drift laterally without causing structure damage. Energy is dissipated by special 
energy dissipation devices, rather than by forming inelastic regions in the structural 
members. 
Steel self-centering moment resisting frame (SC-MRF) systems have been studied 
since late 1990s (Garlock et al. 1998; Ricles et al. 2001; Rojas et al. 2005; Tsai et al. 
2008; Kim and Christopoulos 2008; Wolski et al. 2009; Iyama et al. 2009). Prior 
research focused on experimental studies of connection subassemblies and numerical 
studies of SC-MRF systems. Few experimental validation studies were conducted on 
SC-MRF systems. This research focuses on the behavior, performance, and design 
concepts of a SC-MRF system at various earthquake input levels. 
This research is part of a project entitled “Self-Centering Damage-Free Seismic-
Resistant Steel Frame Systems” funded by the National Science Foundation (NSF) 
George E. Brown Jr. Network for Earthquake Engineering Simulation Research 
(NEESR) program. This research includes experiments on a large-scale SC-MRF test 
structure. The experiments were conducted at the Real-Time Multi-Directional 
 5 
(RTMD) Earthquake Simulation Facility located in the Advanced Technology for 
Large Structural Systems (ATLSS) Engineering Research Center at Lehigh 
University.  
1.2. Research Objectives 
The overall research objectives are: (1) to experimentally assess the behavior, 
performance, and design concepts of an SC-MRF system at various earthquake input 
levels; and (2) to acquire experimental data from system-level tests to validate existing 
SC-MRF analytical models. 
1.3. Research Scope 
To achieve the research objectives, the following tasks were conducted: 
1. Design a prototype building with SC-MRFs as the lateral force resisting 
system:  
This building is located in a high seismic zone and was designed in compliance 
with ASCE7 (2005). The SC-MRFs were designed using a performance-based 
design (PBD) procedure and criteria that was adapted and modified from the 
works by Garlock et al. (2007). This prototype building serves as the basis for 
the experimental and analytical studies.  
2. Design a large-scale SC-MRF test structure based on the prototype SC-MRF 
building:  
To evaluate the seismic performance and the design formulas and criteria, a 
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SC-MRF test frame was designed based on the 0.6-scale model of the 
prototype SC-MRF.  
3. Conduct experiments to study the behavior and seismic performance of the SC-
MRF test structure: 
To study the connection behavior and to determine the elastic stiffness matrix 
of the SC-MRF test frame, static cyclic push tests were conducted. To evaluate 
the seismic response of the SC-MRF test structure under different seismic 
input levels, hybrid earthquake simulations were carried out for ground 
motions at the frequently occurring earthquake (FOE), the design basis 
earthquake (DBE), and maximum considered earthquake (MCE) levels. To 
study the behavior of the SC-MRF test frame beyond the MCE, quasi-static 
push tests were conducted, where large floor displacements were imposed on 
the SC-MRF test frame.  
4. Evaluate the design formulas and criteria and assess the seismic performance 
using acquired experimental data:  
The experimental results from the hybrid earthquake simulations were used to 
assess the seismic performance of the SC-MRF test structure. The 
experimental data were also used to evaluate the design formulas.   
5. Compare response predictions of analytical models with the experimentally 
measured response of the SC-MRF test structure: 
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The experimental results were compared to the results from static and time 
history analyses of a nonlinear analytical model. This comparison provides 
validation of the nonlinear analytical model. 
6. Develop and assess a PT fuse device for inhibiting yielding and fracture of the 
PT strands in an SC-MRF: 
Under the MCE, the PT strands may yield and fracture, which might result in 
collapse of the SC-MRF. To delay PT strand yielding and fracture under the 
MCE, a PT fuse was developed. The response of the SC-MRF test frame with 
the PT fuse was investigated by conducting a quasi-static push test.   
7. Conduct reliability analysis for selected SC-MRF limit states: 
From the results of time history analyses, statistics of the peak response of the 
SC-MRF test structure were determined. These statistics were compared with 
the design demands calculated from the design formulas, and used to further 
evaluate the design formulas by estimating the probability of the design 
demands being exceeded by the peak response. The probability of PT strand 
fracture when using PT fuse in the SC-MRF test structure was also calculated. 
These probabilities allow further evaluation of the PT fuse. 
8. Compare an SC-MRF with a conventional W-SMRF: 
This comparison was made to understand the advantages of using SC-MRFs as 
the lateral force resisting system rather than W-SMRFs. 
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1.4. Organization of Dissertation 
This dissertation is divided into eleven chapters, including the present chapter.  The 
remaining chapters are organized as follows: 
 Chapter 2 reviews prior research relevant to the SC-MRF system; 
 Chapter 3 describes the PBD procedure and criteria, and the prototype SC-
MRF building design. 
 Chapter 4 describes the large-scale SC-MRF test structure details. 
 Chapter 5 describes the experimental setup, instrumentation plan, testing 
procedures and algorithms. 
 Chapter 6 presents the experimental results and observations. 
 Chapter 7 evaluates the PBD criteria by comparing the expected and measured 
response of the SC-MRF test structure. 
 Chapter 8 summarizes the nonlinear analytical model of the SC-MRF test 
structure, and compares analytical results to experimentally measured results. 
 Chapter 9 discusses the experimental response of the SC-MRF test structure at 
extreme-level lateral drifts, and presents a PT fuse device as an alternative to 
avoid PT strand yielding and fracture.  
 Chapter 10 compares the SC-MRF test structure with a conventional W-SMRF 
to demonstrate the benefits of an SC-MRF. 
 Chapter 11 summarizes the research program and makes conclusions. 
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Figure 1.1 Typical welded W-SMRF connection. 
 
 
 
 
Figure 1.2 (a) Schematic elevation of one floor of an SC-MRF; (b) gap opening of an 
SC connection. 
 
 
(a) 
 
(b) 
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Chapter 2  
Relevant Prior Research 
2.1. General 
Over the past 20 years, research has been conducted to develop new seismic resisting 
structural systems which can withstand earthquakes with less damage and residual 
drift than conventional systems. Studies were initially carried out for post-tensioned 
precast concrete (PT-PC) building systems. Results show that PT-PC systems have the 
potential for superior seismic performance. PT-PC system concepts were later found 
extendable to steel building systems. This chapter presents a brief review of prior 
research on PT-PC systems, and prior research related to the steel building systems 
adopting the PT-PC system concepts. 
2.2. Post-Tensioned Precast Concrete Systems 
Extensive experimental and analytical studies on PT-PC systems were initially 
conducted in 1990s as part of the Precast Seismic Structural Systems (PRESSS) 
Research Program. 
Cheok and Lew (1990; 1991; 1993) tested several PT-PC connection specimens 
(Figure 2.1) and concluded that the bonded PT-PC connections had less energy 
dissipation than monolithic reinforced concrete connections. MacRea and Priestley 
(1994) performed an experimental study on an unbonded PT-PC connection (Figure 
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2.2) and concluded that well detailed unbonded PT-PC connections could be suitable 
for seismic resisting systems. 
El-Sheikh et al. (1999) conducted an analytical study on unbonded PT-PC moment 
resisting frames (MRFs). The study calibrated a subassembly PT-PC connection 
model (Figure 2.3) with experimental results from Cheok and Lew (1993) as shown in 
Figure 2.3(b). Several 6-story 4-bay PT-PC MRFs were analyzed. The analyses 
showed that the MRFs can be designed to have little damage under design level 
ground motions and to avoid collapse under survival level ground motions. The floor 
displacement results from time history analyses (Figure 2.3 (c)) also showed the MRFs 
had a significant self-centering capability. 
2.3. Self-Centering Steel Moment Resisting Frame Systems 
Fully-welded beam-to-column connections are commonly used in conventional steel 
moment resisting frames (MRFs). After the 1994 Northridge earthquake, fractures 
were found in the connections of steel MRFs (Youssef et al. 1995). Reduced beam 
section (RBS) connections for steel MRFs were developed (Engelhardt and Sobol 
1998; Kasai 1998, and Chen et al. 1996) to overcome this problem. RBS connections 
are designed with reduced beam section regions within the beams where plastic hinges 
will form. Yielding and damage to these regions will occur under design level ground 
motions. This damage causes the MRFs to have potential for significant residual drifts 
under design level ground motions. Repairing this damage or eliminating this residual 
drift may require considerable expense. Miranda (2009) founded that the amplitude of 
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permanent residual drift, rather than collapse, is the most important contributor to 
economic losses for ductile structures; ductile structures are highly resistant to 
collapse when subjected to intense ground motions, but residual drifts lead to a 
significant probability of being demolished after an earthquake. Although, the 
structural damage might be repairable, it is often more economic to demolish rather 
than to repair a building with large residual drift. 
2.3.1. Post-Tensioned Connection with Added Energy Dissipation 
To minimize structural damage and residual drift under earthquake loading, a new 
type of steel moment resisting connection, referred as a post-tensioned (PT) 
connection, was initially developed by Garlock et al. (1998) and Ricles et al. (2001). 
The PT connections included added energy dissipation (rather than inelastic 
deformation of structural members) to dissipate seismic energy. Petty (1999) studied a 
friction component (Figure 2.4) for a PT connection. The friction component is 
located at the beam web. The results from a series of component tests recommended 
that the friction force (Ff) could be estimated as follows: 
        
(2.1)  
where the factor of two is the number of the friction surface in the friction component, 
  is the friction coefficient (which ranges from 0.40 to 0.50 according to Petty 1999), 
and N is the normal force on the friction surfaces. The static and kinematic friction 
coefficients were found to be about the same. 
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Ricles et al. (2001) and Garlock (2002) developed a PT connection for steel MRFs 
(Figure 2.5). The connection uses bolted angles attached to the top and bottom flanges 
of the beam. The angles are bolted to the beam and the column flanges to produce 
energy dissipation. PT strands clamp the beam to the column at their interface. The 
force in the PT strands provides a restoring moment to the connection, to prevent 
residual connection rotation and residual story drift. The study was conducted on a 
series of PT connection subassembly specimens (Figure 2.6). Results showed that 
when the connection is properly designed, the inelastic deformation is limited to the 
angles. 
Rojas (2003) and Rojas et al. (2005) developed a PT friction damped connection 
(PFDC) for use in earthquake-resistant steel MRFs. A PFDC uses a slotted shear tab to 
connect the column to the beam web. Friction devices are placed above the beam top 
flange and below the beam bottom flange (Figure 2.7). T-shape components were 
bolted at the beam-to-column interface to connect the beam to the column. The 
conceptual connection moment-relative rotation behavior is shown in Figure 2.7(c). 
An analytical model of a MRF with PFDCs was developed. Seismic response of the 
MRF was studied using nonlinear dynamic time history analyses under earthquake 
ground motion input. The MRF was also compared with the seismic response of a 
conventional steel MRF with fully-restrained (i.e., welded) moment connections. The 
comparison showed that the maximum story drifts of the two MRFs are similar. 
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However, the MRF with PFDCs had no significant residual drift compared to the 
conventional MRF (Figure 2.8). 
Wolski (2006) and Wolski et al. (2009) developed a PT connection with a beam 
bottom flange friction device (BFFD) for added energy dissipation (Figure 2.9(a)). 
The BFFD is located below the beam bottom flange to avoid interference with a floor 
slabs at the beam top flange. Friction bolts are used to provide normal force on the 
friction surfaces in the BFFD. Experiments were conducted on a series of BFFD 
connection subassembly specimens (Figure 2.9(b)). Experimental results showed the 
BFFD provided reliable energy dissipation, the connection had no residual bending 
moment at zero rotation (Figure 2.9(c)). The connection moment-rotation was, 
however, asymmetric. A further study of the seismic response of a MRF with BFFD 
connections (denoted BFFD-MRF) was conducted by Iyama et al. (2009). They 
designed a prototype BFFD-MRF for seismic response analysis, and found that the 
inflection point in the beams was far away from the mid-span of the beams due to the 
asymmetric moment-rotation behavior of the BFFD. The consequence of this result is 
that the beam design seemed to be uneconomical. 
Tsai et al. (2008) developed beam web friction devices (BWFDs). Four individual 
friction devices (FDs) (Figure 2.10) were investigated through uniaxial tests. It was  
found that the friction coefficient ranged from 0.34 to 0.37. The friction coefficient 
value was similar for using either steel or brass shim plates on the friction surface. 
Long slotted or oversized circular hole patterns also did not change the friction 
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coefficient value. Belleville washers provided more stable friction force in the FDs 
than flat washers. Tsai et al. (2008) also tested four full-scale BWFD specimens 
(Figure 2.11 and Figure 2.12) under cyclic loading. The beam webs of the four 
connection specimens were drilled with oversized circular holes, and the FDs used 16 
mm thick steel plates. The test setup for the BWFD connection specimens is shown in 
Figure 2.13. Loading was applied at the top of the column.  Typical test results shown 
in Figure 2.14 demonstrate the re-centering behavior of the BWFD connections. The 
friction force in the FDs was found to be less than the design friction force by 3% to 
13%. 
Kim and Christopoulos (2008) developed the self-centering friction damped (SCFR) 
connection as shown in Figure 2.15. Instead of using PT strands, PT bars were used to 
self-center the connection. Subassembly tests were performed with a displacement-
based cyclic loading protocol. Typical test results (Figure 2.16) showed the energy 
dissipation capacity of the SCFR. One of the specimens had two 40 mm holes drilled 
in the beam flanges at the ends of the beam reinforcing plates, and longitudinal 
stiffeners welded to the beam web. The beam formed a plastic hinge in this region at a 
drift of 2.8% rad. The test results show the SCFR had stable behavior and good energy 
dissipation. Kim and Christopoulos concluded that beam plastic hinges with 
longitudinal web stiffeners prevented beam web buckling and yielding of the PT bars. 
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2.3.2. Floor Diaphragm Connections 
Garlock (2002) and Garlock at al. (2007) pointed out a conventional floor diaphragm 
system will restrain gap opening at the beam-to-column joints of SC-MRFs. The 
concept of using flexible collector beams (Figure 2.18) in the floor diaphragm was 
therefore proposed. The flexible collector beams were designed to deform in the plane 
of the floor diaphragm while gap opening develops at the beam-to-column joints. 
Including the force due to flexible collector beam deformation, the floor inertial force, 
and the force in the PT strands, the axial force in a beam at floor level x (Px) can be 
calculated as follows (Garlock at al. 2007): 
                   (2.2)  
where Tx is the total PT force at floor level x, 1 and 2 can be inferred from Figure 
2.18(e)), and Fx is the inertial force at floor level x. 
King (2007) reported another floor diaphragm connection concept for an SC-MRF 
system. As shown in Figure 2.19, the floor diaphragm is attached to only one bay of 
each SC-MRF (denoted as the rigid bay). The floor diaphragm slides on the beams in 
the other bays of each SC-MRF (denoted as sliding bays). This concept was proposed 
to allow SC-MRF connections to develop gap opening without restraint from the floor 
diaphragm. This floor diaphragm connection also avoids the inelastic deformation of 
the flexible collector beams developed by Garlock (2002). 
Kim and Christopoulos (2009) proposed a conceptual concrete slab detail (Figure 
2.20) for an SCFR frame to avoid the restraint of gap opening at the beam-to-column 
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interfaces and avoid inelastic deformation of collector beams. The floor diaphragm is 
assembled from pieces of concrete slab. Two sides of each piece are designed to slide 
on the gravity beam, and the other two sides were fixed to the gravity gravity beam. 
Gaps between concrete slab pieces were expected to open when the SCFR frame 
connection gap opening occurs. Kim and Christopoulos also assumed that the beam 
axial force in a SCFR frame is equal to the total PT force. 
2.3.3. Performance-Based Design 
Garlock (2002) and Garlock et al. (2007) developed the first performance-based 
design (PBD) approach and associated design objectives for PT steel MRFs. This PBD 
approach was developed for a PT steel MRF with top and bottom seat angles. 
Immediate occupancy (IO) and collapse prevention (CP) are the target performance 
under the DBE and MCE, respectively. Prior to the DBE level, angle yielding and 
connection decompression are allowed. Beyond the DBE and prior the MCE, angle 
fracture and yielding in other structural members are permitted. Beyond the MCE, 
beam local buckling and strand yielding are two limit states that do not conform to CP 
performance. A step-by-step design flow chart (Figure 2.21) was proposed. The design 
flow chart starts with a code-based equivalent lateral force (ELF) procedure which 
determines the design base shear (Vdes). The initial assumption of 0.55Mp,n ≥ Mdes is 
made in Step 2 to select the beam sizes, where Mdes is beam moment at the column 
face obtained from the ELF procedure, and Mp,n is nominal beam plastic moment 
capacity. Elastic analysis is performed in Step 4 to obtain elastic roof drift (Δel-des) of a 
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PT frame under the code-based design ELF.  Floor diaphragm collector beams are 
designed in Step 5. The PT frame DBE story drift (DBE), and MCE story drift (MCE) 
are determined in Step 6 using the following equations (Garlock 2002): 
 DBE = C C CT R Δel-des / hf (2.3)  
 MCE = 1.5 DBE
 
 (2.4)  
 where CT is a period correction factor, Cζ is a damping correction factor, Cθ=1.5 is 
suggested by Rojas (2003), R is the response modification factor determined during 
the ELF procedure, and hf is the height of the PT frame. R equal to 8 was used by 
Rojas (2003) and Garlock (2002). The design demand for the connection relative 
rotation at the DBE and MCE levels (r,DBE and r,MCE, respectively) are estimated as 
follows (Garlock 2002): 
 r,DBE = DBE – DBEVdes /kfhf
 
(2.5)  
 r,MCE = MCE – MCEVdes /kfhf 
(2.6)  
where DBE and MCE are overstrength factors for the DBE and MCE, respectively. 
Based on the collector beams selected in Step 5, the beam axial force (i.e., fx shown in 
Figure 2.18(e)) due to the collector beam deformation can be estimated. fx and the top-
and-bottom seat angle strength are used in Step 7 through Step 9 to determine 
reinforcing plate and panel zone details. The design process ends with non-linear 
analysis (Step 10) to evaluate DBE and MCE values. If the DBE and MCE values are 
significantly different to the assumed values, the design goes back to Step 6. 
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Kim and Christopoulos (2009) proposed the design objectives as shown in Figure 2.22 
and the design flow chart shown in Figure 2.23 for SCFR frames that allow plastic 
hinges to form in the beams adjacent to the SCFR connections under the MCE. The 
approach was presented using the connection moment-frame intersotry drift relation 
illustrated in Figure 2.22. Flexural hinges are allowed to form at critical beam sections 
under the MCE, while longitudinal stiffeners in the beam web are used to avoid beam 
web buckling. 
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Figure 2.1 Bonded PT-PC connection: (a) test setup and (b) typical lateral load-drift 
result (Cheok and Lew 1991). 
 
(a) 
(b) 
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Figure 2.2 Unbonded PT-PC connection: (a) specimen layout and (b) typical lateral 
load-drift result (MacRae and Priestley 1994). 
 
 
 
 
(a) 
(b) 
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Figure 2.3 Unbonded PT-PC frame: (a) analytical model, (b) typical connection 
analytical result, and (c) analytical response of floor displacements. (El-Sheikh et al. 
1999) 
(a) 
(b) 
(c) 
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Figure 2.4 (a) PT connection with beam web friction components; (b) test friction 
component; (c)  friction component  force-slip displacement response (Petty 1999). 
 
(a) 
(b) 
(c) 
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Figure 2.5 Schematic of (a) PT connection and (b)SC-MRF with PT connections 
(Ricles et al. 2001). 
 
 
 
 
Figure 2.6 (a) PT connection subassembly test setup; (b) typical connection moment-
relative rotation results (Garlock 2002). 
(b) 
(a) 
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Figure 2.7 Schematic elevation: (a) one floor of MRF with PFDCs, (b) PFDC details, 
and (c) conceptual moment-relative rotation behavior (Rojas et al. 2005). 
 
(c) 
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Figure 2.8  (a) Roof displacement time history; (b) Residual floor displacements; (c) 
connection response (Rojas et al. 2005).  
 
 
 
 
 
 
 
(c) p 
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Figure 2.9 (a) BFFD connection detail; (b) test setup; (c) typical connection response 
(Wolski et al. 2009). 
 
(c) 
(b) 
(a) 
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Figure 2.10 Schematic of individual friction device: (a) SF and SB specimens and (b) 
CF and CB specimens (Tsai et al. 2008). 
 
 
 
 
Figure 2.11 Details of BWFD connection specimens: specimens BWFD4B20 and 
BWFD4B20 (Tsai et al. 2008). 
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Figure 2.12 Details of PTFD connection specimens: specimens BWFD6B22 and 
BWFD4F22 (Tsai et al. 2008). 
 
 
 
 
Figure 2.13 Test setup of the BWFD connection specimens (Tsai et al. 2008). 
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Figure 2.14 Test results of BWFD4F22 specimen: (a) east connection, (b) west 
connection (Tsai et al. 2008). 
 
 
 
Figure 2.15 Test setup and connection detail (Kim and Christopoulos 2008). 
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Figure 2.16 Typical subassembly test results (Kim and Christopoulos 2008). 
 
 
 
Figure 2.17 Response of INSCFR-RS specimen: (a) load–drift relation and PT force 
variation; (b) pictures of the deformed shape at 4.6% drift, web out-of-plane buckling, 
and the distortion at the drilled holes on the beam flanges (Kim and Christopoulos 
2008). 
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Figure 2.18 Flexible floor diaphragm system concept (Garlock 2002). 
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Figure 2.19 Floor diaphragm system concept reported by King (2007). 
 
 
 
 
 
Figure 2.20 concrete slab detail developed by Kim and Christopoulos (2009). 
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Figure 2.21 Flow chart for SC-MRF design procedure by Garlock et al. (2007). 
 
 
 
 
 
 
Figure 2.22 Moment-interstory drift relation for self-centering systems proposed by 
Kim and Christopoulos (2009). 
 
 
 
 35 
 
Figure 2.23 Flow chart for designing SCFR frames (Kim and Christopoulos 2009). 
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Chapter 3  
Prototype SC-MRF Building Design 
3.1. General 
This chapter describes a prototype SC-MRF building, which is the basis for the large-
scale SC-MRF test frame described in Chapter 4. The beam-to-column connections 
used in the SC-MRF building are described. The performance-based design approach, 
design criteria, and procedure used to design the prototype building are also described.  
3.2. Description of Prototype Building 
The prototype SC-MRF building is a 7x7-bay office building (Figure 3.1(a)). The 
building is assumed to be located in Van Nuys (Latitude = 34.22° and Longitude = -
118.47°), California in the Los Angeles region. The building has four stories above 
ground and a one-story basement below ground. Each side of the building perimeter 
contains two 2-bay SC-MRFs as shown in Figure 3.1(b). The floor diaphragm at each 
level is attached to only one bay of each SC-MRF (denoted the fixed (FD) bay) as 
shown in Figure 3.2(a) and Figure 3.2(b). By attaching the floor diaphragm to only 
one bay, the beam-to-column connections are free to develop gap opening as 
illustrated in Figure 3.2(c). 
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3.3. SC Beam-to-Column Connections 
3.3.1. Connection Details 
Figure 3.3(a) shows one floor level of the SC-MRF and the beam-to-column 
connections with beam web friction devices (WFD). The SC connection with a WFD 
is denoted as an SC-WFD connection. The PT strands run parallel to the beams across 
multiple bays. The WFD is composed of two channel sections (denoted as friction 
channels in Figure 3.3(b)) welded to the column flange. Brass plates are sandwiched 
between the webs of the friction channels and the beam web to enable reliable friction 
at the interfaces (i.e., friction surfaces). The friction channels are clamped to the beam 
web by friction bolts (Figure 3.3(b)) to produce normal force on the friction surfaces. 
The friction channels are welded to the column flange after the friction bolts are 
tightened. The shape of the friction channels is selected to reduce the effect of 
shrinkage of the welds to the column on the friction surface. 
The shim plates shown in Figure 3.3(a) and (b) are used to provide good contact 
surfaces for the beam flanges. The shim plates are fillet welded to the column flanges 
to keep them in place. Slotted holes in the beam web shown in Figure 3.3(c) are 
included to accommodate the travel of the friction bolts during gap opening and 
closing of the connection. Reinforcing plates welded on the outside faces of the beam 
flanges are used to avoid excessive yielding in the beam flanges. Reinforcing plates 
are also welded to the inside faces of the column flanges to prevent low cycle fatigue 
of the column flanges where holes for the PT strands are located. Figure 3.3(d) and (e) 
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show photographs of the friction bolts, brass plates, and one of the friction channels 
used in the large-scale SC-MRF test frame described in Chapter 4. 
3.3.2. Conceptual Moment-Rotation Behavior 
The conceptual moment-relative rotation (M-r) behavior for a SC-WFD connection 
under cyclic loading is shown in Figure 3.4. From event 0 to 2, the connection has an 
initial stiffness that is similar to a conventional welded moment connection. Once the 
connection moment M reaches the imminent gap opening moment MIGO at event 2, the 
beam “tension” flange loses (i.e., the flange that develops tension stress due to the 
bending moment) contact with the shim plate at the column face, and gap opening and 
the corresponding relative rotation r begins. MIGO is the sum of the decompression 
moment Md at event 1 due to the initial PT force and the friction moment MFf due to 
friction in the WFD. After MIGO is exceeded, M continues to increase as the PT force 
increases with the strand elongation due to the gap opening (event 2 to event 3). If the 
gap opening continues to increase, the PT strands will eventually yield at event 4. 
During the unloading from event 3 to event 5, r remains constant but M decreases by 
2MFf due to the reversal in the direction of the friction force in the WFD. Continued 
unloading between event 5 and event 6 reduces r to zero as the beam tension flange 
comes in contact with the shim plate at the column face. Further unloading from event 
6 to event 7 decreases M as the beam “tension” flange fully compresses against the 
shim plate on the column flange. With continued unloading M eventually reaches 
zero. A similar behavior occurs when the applied moment is reversed.  
  39 
After gap opening at event 2, the connection moment M is controlled by the axial 
force in the beam, P, and the friction force resultant in the WFD, Ff (as shown in 
Figure 3.5), and can be expressed as follows:  
 M = Pd2 + Ff r   (3.1)  
where d2 is the distance from the beam section centroid to the center of rotation (COR) 
of the connection, and r is the distance from the WFD friction force resultant to the 
COR. The COR is at the point of contact of the beam compression flange with the 
column, which is assumed to be at the mid thickness of the beam reinforcing plate. 
The WFD friction force resultant is assumed to be located at the centroid of the 
friction bolts. 
In Eq. (3.1), the product Ff r is denoted as the friction moment MFf. Ff is calculated as 
follows: 
 Ff  = 2Nb nb (3.2)  
where  is the friction coefficient, Nb is the normal force produced by one friction 
bolt, nb is the total number of friction bolts, and the factor 2 is due to the presence of 
two friction surfaces in the WFD, one for each friction channel. The value of  used 
for design is 0.4 which is the lower bound value from test results by Petty (1999).  
P includes the total PT force T and the beam axial force from the inertial force 
transferred by the floor diaphragm Pfd as follows (Garlock et al. 2007): 
 P = T + Pfd (3.3)  
T can be calculated as follows (Garlock et al. 2007): 
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 T = To + [2 d2 kb ks / (kb + ks)]     (3.4)  
where To is the total initial PT strand force; kb and ks are the axial stiffness of the 
beam and the PT strands within one bay, respectively.    is the average connection 
relative rotation for all connections on one floor level, assuming the PT strands are 
continuous over these connections.  Eq. (3.4) assumes d2, kb, and ks are the same for 
all bays on one floor level. 
The connection imminent gap opening moment MIGO is calculated using Eq. (3.1) by 
setting P = To. MIGO can be expressed as follows: 
 MIGO = To d2 + Ff r (3.5)  
In Eq. (3.5) the product To d2 is denoted as the decompression moment Md and the 
product of Ff r is denoted as the friction moment (MFf). 
3.4. Performance-Based Design of SC-MRFs 
This section presents a performance-based design (PBD) procedure for SC-MRF 
systems. This PBD procedure is adapted and modified from previous work by Garlock 
et al. (2007). The PBD procedure (described later in this Chapter) is used for the 
design of a prototype SC-MRF as well as the SC-MRF test structure (described in 
Chapter 4). 
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3.4.1. Seismic Input Levels 
The PBD considers two levels of seismic input, the design basis earthquake (DBE) 
and the maximum considered earthquake (MCE). The DBE is defined in FEMA 450 
(BSSC 2003), being taken equal to two-thirds the intensity of the MCE. FEMA 450 
(BSSC 2003) defines the MCE is a ground motion intensity having 2% probability of 
exceedance in 50 years, corresponding to a return period of about 2500 years. 
3.4.2. Performance Objectives 
Under DBE-level ground motions, an SC-MRF system is designed to sustain minimal 
structural damage and no significant residual drift. This level of performance would 
enable immediate occupancy after the DBE, depending on the amount of non-
structural damage. This targeted level of performance exceeds the definition of 
immediate occupancy (IO) in FEMA 450 (BSSC 2003), which states at the IO 
performance level, although very slight damage to the structural system is anticipated, 
the structure retains all of its pre-earthquake strength and nearly all of its stiffness. The 
present research Under MCE-level ground motions, an SC-MRF system is designed to 
achieve the collapse prevention (CP) performance level defined by FEMA 450 (BSSC 
2003). 
3.4.3. Limit States 
The limit states for an SC-MRF are shown in the conceptual base shear-roof drift (V-
rf) response in Figure 3.6. The limit states are: (1) imminent gap opening of the SC-
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WFD connections (denoted IGO in Figure 3.6) at the beam-to-column connections; (2) 
yielding at the column bases; (3) panel zone yielding; (4) beam flange yielding with 
the strain equal to or greater than 2 times the yield strain y; (5) bearing yielding of the 
beam flange; (6) yielding of the beam web in shear; (7) PT strand yielding; (8) beam 
web buckling. 
For the global response (Figure 3.6), limit state 1 occurs after the base shear reaches 
the design base shear Vdes (i.e., Vdes should be less than or equal to the base shear at 
first gap opening of an SC-WFD connection); limit state 2 occurs after the base shear 
reaches Vdes; limit states 3, 4, 5, and 6 occur after the base shear under the DBE 
(VDBE) and the roof drift under the DBE (rf,DBE) are reached; limit states 7 and 8 occur 
after the base shear under the MCE (VMCE) and the roof drift under the MCE (rf,MCE) 
are reached.  
A schematic of the SC-WFD connection response is shown in Figure 3.7. Limit state 1 
occurs when the connection moment (M) reaches MIGO; limit states 3, 4, 5 and 6 occur 
after the beam moment at the column faces under the DBE (MDBE) and    under the 
DBE (denoted      ) are reached; limit states 7 and 8 occur after the beam moment at 
the column faces under the MCE (MMCE) and    under the MCE (denoted      ) are 
reached. 
The relationship among the performance limits and limit states are summarized here. 
As illustrated in Figure 3.6 and Figure 3.7, before the IO performance limit is reached, 
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the moment in the beam-to-column connections may exceed MIGO and gap opening is 
permitted. Yielding at the column bases is permitted. Beam flange yielding is also 
permitted, but the strain should be less than 2 times the yield strain y. Before the CP 
performance limit, panel zone yielding, beam web yielding in shear, and a beam 
flange strain greater than 2y are permitted. Excessive strain in the beam flange under 
the MCE is avoided by keeping the beam flange strain less than 2y under the DBE. 
Before the CP performance limit is reached, PT strand yielding and beam web 
buckling are not permitted. 
3.4.4. Design Demands 
The design demands are established from the equivalent lateral force procedure of 
ASCE 7 (2005). SC-MRF deformation demands are estimated by amplifying linear 
elastic response with appropriate factors. Force demands are established from the 
equivalent lateral force procedure directly, or from analysis of the connection response 
under the design deformation demands. 
3.4.4.1. Story Drift and Connection Relative Rotation Demands  
The drift and connection relative rotation demands under the DBE are the maximum 
roof drift, the maximum story drift and the maximum    (denoted rf,DBE, s,DBE, and 
     , respectively) and are estimated as follows (Garlock et al. 2007) : 
 rf,DBE = Cζ CT R rf,el-des                                                                                                                              (3.6)
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where CT=Tdes/T1 is the period correction factor, and Cζ is the damping correction 
factor to account for the difference between the 5% damping ratio assumed for ASCE 
7 (2005) design spectra and the damping assumed for design. Tdes is the design period 
determined per ASCE 7 (2005). T1 is the 1
st
 mode period of the building. R= 8 is the 
response modification factor for a special MRF defined in ASCE 7 (2005), assuming 
the SC-MRF is a special moment resisting frame. rf,el-des is the roof drift from an 
elastic analysis of the structure under the equivalent lateral force (ELF) corresponding 
to the design base shear Vdes (i.e., corresponding to Tdes). Vdes and Tdes are determined 
per ASCE 7 (2005). The ELF are calculated from the procedure defined in ASCE 7 
(2005). Note that CT=Tdes/T1 is valid only when both Tdes and T1 are in the velocity 
controlled (i.e., 1/T) region of the design spectrum. Alternatively, rf,DBE should be 
calculated as Cζ R rf,el-T1, where rf,el-T1 is the roof drift from an elastic analysis of the 
structure under the ELF corresponding to corresponding to T1. 
The calculation of s,DBE from rf,DBE is as follows (Garlock et al. 2007; Rojas et al. 
2005): 
 s,DBE = C rf,DBE                                                                                                                                        (3.7)
where Cθ=1.5 is suggested by Rojas et al. (2005). In the present study, instead of using 
the approach proposed by Garlock et al. (2007) and Rojas et al. (2005),       is 
estimated as follows: 
       = Crss,DBE                                                                                                                                        (3.8)
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where Crs=0.81 is a transformation factor to estimate       from s,DBE. The value of 
0.81 is based on analytical results by Rojas (2003).       is used later to estimate the 
DBE design demands for the beam web, beam flange, and panel zone yielding design 
criteria (presented later in this chapter). These criteria are used to determine 
dimensions for beam flange reinforcing plates and panel zone web doubler plates to 
control yielding of the beam and panel zone consistent with the performance 
objectives shown in Figure 3.6 and Figure 3.7. 
The drift and connection relative rotation demands under the MCE are the maximum 
roof drift, the maximum story drift and the maximum    (denoted rf,MCE, s,MCE, and 
     , respectively) and are estimated as follows (Garlock et al. 2007): 
 rf,MCE = 1.5rf,DBE                                                                                                                                        (3.9)
 s,MCE = 1.5s,DBE                                                                                                                                        (3.10)
      = 1.5      (3.11)  
where the factor 1.5 is based on the intensity ratio of the MCE to the DBE as defined 
by FEMA 450 (BSSC 2003).       is used to estimate the MCE design demands for 
the PT strand yielding  and beam web buckling design criteria (presented later in this 
chapter). These criteria are used to determine the number of PT strands and to choose 
the beam section sizes as described later. 
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3.4.4.2. Connection Moment Demands  
The connection moment demand used to establish the minimum strength of the 
connection (at the design level) is the beam design moment at the column face (Mdes) 
when the building is subjected to the ELF corresponding to Vdes. Mdes is determined 
from linear elastic analysis of the SC-MRF, assuming connections are rigid, using the 
load combinations from ASCE 7 (2005) with the ELF corresponding to Vdes.  
The connection moment demands under the DBE and the MCE are the beam moment 
at the column faces under the DBE and the MCE (denoted as MDBE and MMCE), 
respectively. They are calculated using Eq. (3.1) by setting P equal to PDBE and PMCE 
respectively, as follows: 
 MDBE = PDBE d2 + Ff r (3.12)  
 MMCE = PMCE d2 + Ff r (3.13)  
where PDBE and PMCE are beam axial force at the DBE and the MCE, respectively. 
They are calculated as follows using  Eq. (3.3) (Garlock et al. 2007) : 
 PDBE = Pfd,DBE + TDBE (3.14)  
 PMCE = Pfd,MCE + TMCE (3.15)  
where TDBE and TMCE are the total PT stand force under the DBE and the MCE, 
respectively. TDBE and TMCE are calculated as described later in Section 3.4.4.4. Pfd,DBE 
and Pfd,MCE are the beam axial force from the inertial force transferred by the floor 
diaphragm under the DBE and the MCE, respectively, and can be estimated as 
follows: 
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 Pfd,DBE = DBE Pfd,des (3.16)  
 Pfd,MCE = MCE Pfd,des (3.17)  
where ΩDBE and ΩMCE are the overstrength factors used to calculate Pfd,DBE and Pfd,MCE.  
ΩDBE=2.3 and ΩMCE=2.5 are suggested by Garlock (2002) and Rojas (2003). Pfd,des is 
the beam axial force from the inertial force transferred by the floor diaphragm when 
the building is subjected to the ELF corresponding to Vdes. In the loading direction as 
shown in Figure 3.8(a), the total lateral force for the entire prototype building at level i 
(        
 
) is resisted by four SC-MRFs. The lateral force carried by each of the four SC-
MRFs at level i (  
 
) equals         
 
/4. Using the assumptions shown in Figure 3.8(b), 
Pfd,des at level i can be calculated for each end of each beam. 
3.4.4.3. Panel Zone Shear Demand under DBE 
Based on the panel zone shear diagrams shown in Figure 3.9, the panel zone shear 
demand under the DBE (Vpz,DBE) is calculated as follows (Garlock et al. 2007): 
 
pz,DBE DBE c,DBE,aV = C  -V   (3.18)  
where CDBE is the beam flange contact force under the DBE and Vc,DBE,a is the shear 
from the upper column under the DBE. Based on horizontal equilibrium of the forces 
shown in Figure 3.10(a), CDBE equals the beam axial force under the DBE, PDBE (Eq. 
(3.13)), plus the horizontal component of the friction force from the WFD. CDBE is 
estimated as follows: 
 
DBE DBE fC = P + F  (3.19)  
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Eq. (3.18) uses the full friction force Ff from WFD for design purposes, ignoring the 
difference between the horizontal component of the friction force and the full friction 
force. Vc,DBE,a for a connection at an exterior column is calculated as follows (Garlock 
et al. 2007): 
 
b,DBE,x b,DBE,x+1
c,DBE,a
s,x+1
M M
V =
h

 (3.20)  
Vc,DBE,a for a connection at the interior column is calculated  as follows (Garlock et al. 
2007): 
 
b,DBE,x b,DBE,x+1
c,DBE,a
s,x+1
M M
V =
2h

 (3.21)  
where DBE,xM is the beam moment at the column centerline at the same floor level 
(denoted x
th
 floor level) of the panel zone, DBE,x+1M is the beam moment at the column 
centerline at the (x+1)
th
 floor level, and hs,x+1 is the story height to the center of the 
joints.  
3.4.4.4. Total PT Strand Force Demands 
Substituting  r,DBE and  r,MCE for    in Eq. (3.4), the design demand for the total PT 
strand force under the DBE and MCE (denoted TDBE and TMCE, respectively) can be 
calculated as follows: 
 
b s
r,DBEDBE o 2
b s
k k
T = T + 2 d θ
k +k  
(3.22)  
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b s
r,MCEMCE o 2
b s
k k
T = T + 2 d θ
k +k  
(3.23)  
Note that  r,DBE and  r,MCE are estimated from Eq. (3.7) and Eq. (3.10), respectively. 
3.4.4.5. Connection Effective Energy Dissipation Demand 
The effective energy dissipation ratio (E) is used to quantify the energy dissipation 
characteristics of a SC connection as follows: 
 E = MFf  / MIGO          (3.24)  
Studies by Seo and Sause (2005) showed that as E increases, the lateral drift demand 
for a SC system decreases. The theoretical maximum value of E for an SC system is 
50%. For the prototype SC-MRF building design, 0.25≤ E≤0.4 was established as the 
target range for E. 
3.4.5. Design Criteria 
3.4.5.1. Connection Strength and Drift Control 
Connection Moment at Imminent Gap Opening Criterion 
To provide an SC connection with sufficient moment capacity at the design level, 
MIGO should greater than or equal to Mdes (Garlock et al. 2007):  
 MIGO≥ Mdes           (3.25)  
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As described in Section 3.4.4.2, Mdes is the connection moment when the building is 
subjected to the ELF corresponding to Vdes. The ELF are calculated from the 
equivalent lateral force procedure defined in ASCE 7 (2005). 
Story Drift Limit Criterion 
Based on ASCE 7 (2005), the calculated maximum story drift of the building should 
be less than or equal to 2%. As required by ASCE 7 (2005), the calculated maximum 
story drift is equal to                 , where            is the maximum story drift 
from an elastic analysis while the building is subjected to the ELF corresponding T1, 
Cd is the deflection amplification factor and I is the importance factor (ASCE 7 2005). 
3.4.5.2. DBE Level Limit State Control 
Beam Horizontal Shear Yield Criterion 
The length of the beam flange reinforcing plate at an SC-MRF connection shown in 
Figure 3.3 must be long enough to prevent horizontal shear yielding in the beam web 
adjacent to the compression flange (see Figure 3.10). The force demand is the total 
contact force under the DBE (CDBE), which equals the axial force in the beam plus the 
horizontal component of the friction force in the WFD (Figure 3.10(a)). This force 
demand must be less than or equal to the sum of the yield strength of the beam flange 
and the horizontal shear yield strength of the web over the length of the reinforcing 
plate. Considering horizontal equilibrium (Figure 3.10(b)) and to avoid shear yielding, 
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the beam flange reinforcing plate length Lrp must be selected to satisfy the following 
inequality (Garlock et al. 2007): 
 
DBE f,y
rp y w
C -C
1.0
L τ t
  (3.26)  
where Cf,y is the beam flange yield strength, which is assumed to be equal to the 
specified minimal yield stress (Fy) of the beam multiplied by the flange area. τy is the 
shear yield stress assumed to be equal to 0.6Fy, and tw is the beam web thickness. CDBE 
is the beam flange contact force under the DBE and is estimated from Eq. (3.18). 
Beam Flange Bearing Yield Criterion 
The cross-section area of the beam reinforcing plate, Arp, is determined by considering 
equilibrium between CDBE and the total yield strength of the beam flange with the 
reinforcing plater. Arp must satisfy the following inequality: 
 
DBE f,y
rp y,rp
C -C
1.0
A F
  (3.27)  
where Fy,rp is the specified minimum yield stress of the reinforcing plate.  
Beam Flange Strain Criterion 
Based on the PBD objectives shown in Figure 3.6, yielding of the beam flange at the 
end of beam reinforcing plate is permitted under the DBE, but the strain should be less 
than 2y to avoid excessive plastic deformation under the MCE. The beam flange 
strain at the end of the reinforcing plate under the DBE (      ) can be calculated 
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using the procedure proposed by Garlock (2002).        should satisfy the following 
inequality (Garlock et al. 2007): 
 
rp,DBE
y
ε
1.0
2ε
  (3.28)  
 According to the procedure by Garlock (2002),        is determined from section 
analysis of the beam under the combination of PDBE and the bending moment at the 
end of the beam reinforcing plate (   ) under the DBE (denoted       ). The 
section analysis assumes that plane sections remain plane. The analysis determines the 
stress distribution over the cross section, and the neutral axis location, from which 
       is calculated. More details are given by Garlock (2002). 
Alternatively, Herning et al. (2011) use a P-M interaction design criterion to control 
the plastic deformation of the beam flange at the end of the reinforcing plate under the 
DBE and MCE. The P-M interaction design criterion by Herning et al. (2011) is a 
modification of the design criterion for the interaction of flexure and compression in 
doubly symmetric members defined in the AISC Specification for Structural Steel 
Buildings (2005b). The P-M interaction design criterion is expressed by the formula as 
follows: 
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 (3.29)  
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where    is the nominal axial compressive force capacity,    is the nominal flexural 
strength, and        is     under the MCE. This formula did not include the 
capacity reduction factors c=0.9 to    and b=0.9 to   as in the AISC Specification 
for Structural Steel Buildings (2005b).         is the limit for this design criterion. 
Herning et al. (2011) set         equal to 1.0 under the DBE and 1.12 under the MCE. 
If the criterion given by Eq. (3.28) or alternatively Eq. (3.29) is not satisfied, either the 
length of the reinforcing plate should be increased or the beam section size should be 
increased. 
Panel Zone Yield Criterion 
The total panel zone thickness tpz is determined using the following inequality (FEMA 
350 (2000)) to satisfy the panel zone yield criterion under the DBE: 
 
pz,DBE
y,pz y c pz
V
1.0
0.6F R d t


 (3.30)  
where Vpz,DBE is the panel zone shear demand under the DBE, tpz equals the column 
web thickness tcw plus the doubler plate thickness tdp, =0.9 is the capacity reduction 
factor, Fy,pz is the specified minimum yield stress (Fy) of the column section and 
doubler plate assumed to be equal to each other, Ry=1.1 is the ratio of the expected 
yield stress to the specified minimum yield stress for Grade 50 steel (AISC Seismic 
Provisions 2005), and dc is the column depth. 
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Column Flange Low Cycle Fatigue Criterion 
To prevent low cycle fatigue of column flanges where holes for the PT strands are 
located, column flange reinforcing plates are needed. The reinforced net section area 
of each column flange Acf,rf,net should be at least 85% of the nominal column flange 
gross area Acf,n,gross: 
 
cf,rf,net
cf,n,gross
A
0.85
A
  (3.31)  
Column Plastic Hinge Criterion 
A strong column-weak beam principal, Mc,DBE ≥Mb,DBE, is used to avoid column 
plastic hinges under the DBE. Mc,DBE is the total column moment capacity under the 
DBE. The corresponding total column moment demand is determined from the sum of 
the beam moment under the DBE (Mb,DBE). Mb,DBE is the beam moment at the 
column centerline as follows (Garlock et al. 2007): 
where Linf is the distance from the beam inflection point to the column centerline and 
dc is the column depth. The location of the inflection point in the beam is determined 
by the magnitude of the moment at the beam ends. Mc,DBE is the column moment at the 
beam centerline as follows (Garlock et al. 2007): 
 c,DBE
c,DBE y y
g
P
M =Z(R F - )
A
 (3.33)  
 
inf
b,DBE DBE
inf c
L
M =M
L -0.5d
 (3.32)  
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where Z and Ag are the column plastic section modulus and cross-section area, 
respectively, and Pc,DBE is the amplified column axial force calculated as follows: 
 
c,DBE c,des c,grav DBE c,gravP =(P -P )Ω +P  (3.34)  
where Pc,des is the column axial force determined from the ELF analysis 
(corresponding to Vdes), and  Pc,grav is the column axial force due to gravity loads. 
3.4.5.3. MCE level Limit State Control 
Beam Web Compactness Criterion 
SC-MRF beams should satisfy the seismic compact section criterion for the web 
defined in the AISC Seismic Provisions for Steel Buildings (2005a) as follows: 
 
w
PS,MCE
h/t
1.0
λ
  (3.35)  
where h/tw is beam web width-thickness ratio, and PS,MCE is the limiting width-
thickness ratio under the MCE. PS,MCE can be calculated as follows: 
 
PS,MCE a y yλ =max{1.12(2.33-C ) E/F ,1.49 E/F }  (3.36)  
where E is Young’s modulus and Ca = PMCE /0.9Py is the ratio of the beam axial force 
demand under the MCE to the available axial yield strength. Py is the beam axial yield 
strength. It should be noted that Eq. (3.36) is valid only for Ca>0.125. For Ca ≤0.125, 
PS,MCE is calculated as follows: 
 
PS,MCE yλ =3.14 E/F (1-1.54C )a  (3.37)  
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Since the floor diaphragm of the SC-MRF building is attached to only one bay of each 
SC-MRF, the SC-MRF beams carry a large beam axial force under the MCE, leading 
to Ca >0.125. Therefore, Eq. (3.36) is usually used to calculate PS,MCE. 
Strand Yield Criterion 
The total PT strand force under the MCE (TMCE) should not exceed 90 percent of the 
nominal total PT strand yield force (Ty,n). The following inequality should be satisfied:  
 
MCE
y,n
T
1.0
0.9T
  (3.38)  
where Ty,n is the nominal total PT strand yield force. Based on ASTM A416, Ty,n is 
assumed to be equal to 0.9Tu,n (ASTM A416), where Tu,n is the total nominal PT 
strand ultimate force capacity, which can be calculated as follows: 
 Tu,n= Ns as,n su (3.39)  
where Ns is the total number of PT strands at one floor level, as,n is the nominal cross 
sectional area of a PT strand, and su is the specified minimum ultimate stress of a PT 
strand (ASTM A416). It should be noted that, in Eq. (3.34), 0.9Ty,n= 0.81Tu,n is less 
than the nominal total PT strand yield force (equal to 0.9Tu,n), so that criterion limits 
the PT force to 90% of the yield capacity. 
3.4.6. Design Procedure 
Designing an SC-MRF system is an iterative procedure. The design procedure used for 
the prototype SC-MRF building design is shown in Figure 3.11. The design procedure 
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is adapted from the design procedure given by Garlock et al. (2007). The design 
procedure in Figure 3.11 has a total of 8 steps and 4 check points to complete the 
design for a SC-MRF system. The first part of the PBD procedure, which includes 
steps 1 through 3 and check point 1, is similar to the design procedure for a 
conventional moment resisting frame system. The second part of the design procedure, 
which includes steps 4 through 7 and check points 2 and 3, is used to design the 
beams, columns, and connection details of the SC-MRF system. The third part of the 
PBD procedure, which is step 8 and check point 4, is used to finalize the design details 
by including the beam reinforcing plates in the analysis to estimate the drift demands.  
The design procedure in Figure 3.11 determines member sizes first so that Mdes, MDBE, 
and other design parameters can be estimated, rather than obtaining Mdes and MDBE 
before the  member sizes are determined as proposed by Garlock et al. (2007) (see 
Figure 2.23). The design steps and check points of the design procedure (Figure 3.11) 
are as follows: 
 
Step 1: Determine Equivalent Lateral Forces 
Use the ELF procedure from ASCE 7 (2005) with the response modification factor R= 
8 (assuming that the SC-MRF is a special moment resisting frame). Then, determine 
the design period (Tdes), the design spectral acceleration (Sa), and the seismic design 
base shear (Vdes), as well as the ELF corresponding to Vdes (denoted ELFdes). 
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Step 2: Select Member Sizes 
Use an approximate method to determine the member internal forces of the SC-MRF 
building subjected to ELFdes. Use an approximate method to determine the member 
internal forces of the SC-MRF building subjected to assumed gravity loads. Use the 
load effect combinations defined in ASCE 7 (2005) to determine the design demands 
for member internal forces. Use the AISC Specification for Structural Steel Buildings 
(2005b) to select member section sizes. Note that initial column section sizes could be 
selected with a plastic section modulus approximately equal to 65% of the plastic 
section modulus of the beam. 
 
Step 3: Perform Elastic Analysis 
Perform an elastic analysis to determine the 1
st
 mode period of the building T1. 
Determine the roof drift rf,el-des, the maximum elastic story drift s,el-des, and beam 
design moments at column faces Mdes from an elastic analysis using the load 
combinations defined in ASCE 7 (2005) and ELFdes corresponding to Vdes. Calculate 
the ELF corresponding to T1 (ELFT1) per ASCE 7 (2005). Estimate            from 
an elastic analysis while the building is subjected to ELFT1. 
 
Check Point 1: 
Check if                is less than or equal to the 2% drift limit. If it is greater than 
2%, the design process should go back to step 2 and choose larger section sizes. 
  59 
 
Step 4: Estimate Drift Demands 
Determine the drift and connection relative rotation demands under the DBE and MCE 
(θrf,DBE, θs,DBE, and      , as well as θrf,MCE, θs,MCE, and      ) using Eq. (3.6) through 
Eq. (3.11). Note that rf,el-des in Eq. (3.6) is obtained from step 3. 
 
Step 5: Design SC-WFD Connections 
Use Eq. (3.24) and set MIGO≥Mdes. Note that Mdes is obtained at step 3. Choose E 
values in the range 0.25≤ βE≤ 0.5. Use Eq. (3.24) to determine the required MFf, which 
gives the required Ff for the WFDs. Use Eq. (3.5) to determine the total initial PT 
force To. Choose the total number of PT strands Ns. Estimate TMCE using Eq. (3.23) 
and calculate Tu,n using Eq. (3.39). 
 
Check Point 2 
Check the strand yield criterion (Eq. (3.38)). If Eq. (3.38) is not satisfied, increase Ns, 
decrease the initial force in each strand, and go back to step 5.  
 
Check Point 3 
Calculate Mb,DBE from Eq. (3.32) and Mc,DBE from Eq. (3.33), and check if 
c,DBE b,DBEM M    is satisfied. Calculate PS,MCE from Eq. (3.36) or Eq. (3.37), which 
requires PMCE from Eq. (3.17) to calculate Ca, and check if the beam web compact 
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criterion (Eq. (3.35)) is satisfied. If either of these criteria is not satisfied, select new 
member section sizes and go back to step 3. 
 
Step 6: Design Beam Reinforcing Plates 
Estimate beam flange contact force CDBE from Eq. (3.19). Then use Eq. (3.26) to 
determine the beam reinforcing plate length Lrp to satisfy the beam horizontal shear 
yield criterion. Use Eq. (3.27) to determine the cross-section area of the beam 
reinforcing plate Arp to satisfy the beam flange bearing yield criterion. 
 
Step 7: Design Panel Zones and Column Reinforcing Plates 
Estimate the panel zone shear demand under the DBE Vpz,DBE from Eq. (3.18). 
Determine the total panel zone thickness tpz from Eq. (3.30) to satisfy the panel zone 
yield criterion. Determine the dimensions of column flange reinforcing plates to 
satisfy the column flange low cycle fatigue criterion (Eq. (3.31)). Note that if the 
doubler plate thickness tdp is greater than the column web thickness tcw, the column 
section size should be increased and the design goes back to step 3. 
 
Step 8: Re-calculate Drift Demands 
Include the beam reinforcing plates determined from step 6 in the elastic analysis 
model, and repeat step 3 to update T1, rf,el-des, and s,el-des. Repeat step 4 to re-estimate 
θrf,DBE, θs,DBE, and      , as well as θrf,MCE, θs,MCE, and      . 
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Check Point 4 
Check if θrf,DBE, θs,DBE,      , θrf,MCE, θs,MCE, and       change significantly. If they 
change significantly, the design process goes back to step 5. Otherwise, the design is 
complete. 
3.5. Prototype Building Design 
3.5.1. Design Loads 
3.5.1.1. Gravity Load and Effective Seismic Weight 
The assumed dead loads for the prototype building are summarized in Table 3.1. Table 
3.2 shows the assumed building live loads as required by ASCE 7 (2005). The seismic 
weight was determined from the dead loads listed in Table 3.1 plus the partition live 
load listed in Table 3.2, resulting in an effective seismic weight for the entire building 
W= 17,130 kips. 
3.5.1.2. Seismic Lateral Forces 
The ELF procedure described by ASCE 7 (2005) was used to calculate the design 
seismic lateral forces for the entire SC-MRF building. The SC-MRF building was 
assumed to be an office building, corresponding to occupancy category I, with an 
importance factor I=1.0. The building is located on a stiff soil site, corresponding to 
site class D. The specified location of this building gives the mapped MCE short-
period (at 0.2 sec) spectral acceleration SS equal to 1.5g, the mapped MCE long-period 
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(at 1 sec) spectral acceleration S1 equal to 0.6g, the short-period site coefficient Fa 
=1.0, and the long-period site coefficient FV =1.5. For the site, the MCE 0.2 sec 
spectral acceleration (SMS= FaSS) equals 1.5g, and the 1 sec spectral acceleration (SM1= 
FV S1) equals 0.9g. According to the ASCE 7 (2005) definition of the DBE spectrum 
(equal to 2/3 of the MCE spectrum), the design 0.2 sec period spectral acceleration 
(SDS=2SMS/3) equals 1.0g, and the design 1 sec period spectral acceleration (SD1= 
2SM1/3) equals 0.6g. The building is assumed to be a “special steel moment frame,” 
which has response modification coefficient R= 8 according to ASCE 7 (2005). The 
seismic design base shear Vdes is determined as follows: 
 Vdes= CsW (3.40)  
where W is the effective seismic weight described earlier, and Cs is the seismic 
response coefficient. To calculate  Cs, the design period Tdes of the building was 
calculated per ASCE 7 (2005) as follows: 
 Tdes= min (T1, CuTa) (3.41)  
where T1 is the actual 1
st
 mode period, and CuTa is the upper limit of approximate 
fundamental period defined by ASCE 7 (2005). Cu=1.4 is the coefficient for the upper 
limit on the calculated period, and Ta is the approximate fundamental period 
determined by the following:  
 Ta = Ct  hn
x
 (3.42)  
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where Ct = 0.028 and x = 0.8 as defined by ASCE 7 (2005) for steel moment-resisting 
frames, and hn is the height above the base to the highest level of the structure, which 
is equal to 52.5 ft. Ta= 0.666 sec is obtained using Eq. (3.42). T1= 1.51 sec is 
determined from the elastic analysis described later. Tdes= 0.932 sec is obtained from 
Eq. (3.41). Cs was calculated from the following equations given by ASCE 7 (2005): 
If S1 < 0.6g, then 
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If S1 ≥ 0.6g, then 
    
{
  
 
  
 
   [
     
   
    (
   
 
 
 
   
 (
 
 )
)]           
   [
     
   
    (
   
 
 
 
     
  (
 
 )
)]           
 (3.44)  
where T is the fundamental period of the structures, and TL is the long-period 
transition period which equals 8 sec for Los Angeles region. Using T=Tdes in Eq. 
(3.43) and Eq. (3.44) to determine the value of Cs, then Vdes can be calculated from 
Eq. (3.40).  
Once Vdes is calculated, the vertical distribution of the ELF is determined by 
multiplying Vdes by a vertical distribution factor Cvx. The lateral force at level x, Fx is: 
  64 
 Fx= CvxVdes (3.45)  
The vertical distribution factor at level x is: 
 k
x x
vx n k
i ii=1
w h
C =
w h
 
(3.46)  
where  
hi and hx are the height of level i and x, respectively, 
wi and wx are the effective seismic weight of level i and x, respectively,  
n is the number of building levels, and  
  is a distribution exponent related to the building period determined as follows: 
 T-0.5
k=1+
2.5-0.5
    for   0.5sec T 2.5sec   (3.47)  
Using T=Tdes for Eq. (3.47), the ELF corresponding to Tdes (ELFdes) can be calculated. 
Similarly, using T=T1 for Eq. (3.47), Cs corresponding to T1 can be calculated. Using 
Eq. (3.40), the base shear corresponding to T1 (VT1) can be calculated. From Eq. (3.45) 
and Eq. (4.46), the ELF corresponding to T1 (ELFT1) can be calculated. The ELFdes  
and ELFT1 are used in the design procedure (see Figure 3.11) to satisfy the design 
criteria. Table 3.3 lists two sets of ELF and story shear used for the prototype building, 
where Fx,des and Vx,des are based on Tdes, and Fx,T1 and Vx,T1 are based on T1. 
3.5.1.3. Load Effect Combinations 
According to ASCE 7 (2005), load combinations considered for the prototype building 
are as follows: 
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 1.4D (3.48)  
 1.2D + 1.6L + 0.5Lr (3.49)  
 1.2D + 0.5L + 1.6Lr (3.50)  
 (1.2 + 0.2SDS)D + QE + 0.5L (3.51)  
 (0.9 - 0.2SDS)D + QE (3.52)  
where QE is the effect of the horizontal seismic forces;  is the system redundancy 
factor equal to 1.0 (ASCE 7 (2005)); D is the effect of dead load (see Table 3.1); L is 
the effect of live load (see Table 3.2); and  Lr is the effect of roof live load (see Table 
3.2). 
To determine the required strength of the members and connections of the SC-MRF, 
in the above combinations, QE was estimated using T=Tdes. For determining 
compliance with the story drift limitations, QE was estimated using T=T1. More details 
regarding calculation of QE are found in ASCE 7 (2005). 
3.5.2. SAP2000 Model 
To design the prototype SC-MRF building, an elastic analytical model was developed 
using SAP2000. This model is a 3-dimensional model and is used to determine the 
member forces, story drifts, and the elastic 1
st
 mode period of the building. The 
SAP2000 model was developed with the following limitations: 
a) Only the perimeter SC-MRFs were included in the model; 
b) The model used centerline-to-centerline dimensions; 
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c) The SC-MRF model included a rigid end zone at each beam-to-column joint 
with a depth equal to 2/3 of the beam depth and a width equal to 2/3 of the 
column depth, and centered at the intersection of beam and column centerlines 
(to approximately account for panel zone stiffness); 
d) The connections of the SC-MRFs were assumed to be fully rigid; 
e) A lean-on column was included in the model to account for P-delta effects. 
The lean-on column located at the center of mass of the building plan and 
carried the seismic mass, as well as the gravity loads not directly applied to the 
perimeter SC-MRF. The lean-on column was pinned at the base and was given 
small shear and axial areas as well as small moments of inertia about the axes 
in the horizontal plane; 
f) Another node was placed at an eccentricity of 5% from the center of mass at 
each floor level. At each floor, the ELF was applied at the eccentric node to 
account for accidental torsion;  
g) At each floor level, a rigid diaphragm connected the quarter points of the FD-
bay beams of the SC-MRFs with the lean-on column node and the eccentric 
node; 
h) The PT strand and PT forces were not modeled; 
i) The beam flange reinforcing plates were included in the elastic analysis model. 
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3.5.3. Design Results 
Using the design criteria and procedure described previously, a prototype SC-MRF 
building was designed. Figure 3.12 shows the design results for one side of the 
building perimeter. The prototype SC-MRF building design period Tdes=0.932 sec, and 
Vdes equals 8% of the effective seismic weight of the entire building. The 1
st
 mode 
period of the building T1= 1.51 sec was determined from the SAP2000 model. The 
story shear and ELF corresponding to Tdes and T1 are listed in Table 3.3. 
The story drifts of the building under ELFT1 (denoted s,el-T1) amplified by Cd=5.5 and 
divided by I=1 are listed in Table 3.4. The table shows the maximum s,el-T1Cd/I value 
is 1.70% rad, which is less than the 2% rad drift limit defined in ASCE 7 (2005).  
The beam and column section sizes of the prototype SC-MRF are shown in Figure 
3.12. The beams and columns are wide flange sections made of ASTM A992 steel 
with a specified minimum yield stress Fy of 50 ksi. E ranges from 24% (at 1
st
 floor) to 
33% (at 4
th
 floor). In the prototype SC-MRF, the total number of PT strands was 24 
for the 1
st
 and 2
nd
 floors, 16 for the 3
rd
 floor, and 8 for the 4
th
 floor. All the PT strands 
are 0.6 in diameter seven-wire low-relaxation ASTM A416 Grade 270 strands (which 
have a nominal ultimate stress su,n of 270 ksi). 
3.5.4. Drift and Connection Relative Rotation Design Demands 
The story drifts and connection relative rotation demands of the prototype SC-MRF 
building, rf,DBE, s,DBE, rθ ,DBE, rf,MCE, s,MCE, and rθ ,MCE (from Eq. (3.6) through Eq. 
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(3.11)), are listed in Table 3.5. To calculate the demand for rf,DBE from Eq. (3.6),   
rf,el-des=4.2x10
-3
 was determined from the SAP2000 model, and the response 
modification factor R=8, the period correction factor CT=0.617, the damping 
correction factor Cζ=1.25 (assuming the prototype SC-MRF building has a 2% 
damping ratio) were used.  
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Table 3.1  Building dead loads 
Item Description 
Equivalent uniform load 
(psf) 
1
st
 
floor 
2
nd
, 3
rd
 
floors 
4
th
 
floor 
Slab 
3.5 in normal weight concrete 
on 2 in deep metal deck 
43 43 43 
Metal deck 
2VLI18 metal deck 
(2 in deep & 0.0598 in thick) 
3 3 3 
Roofing  - - 10 
Mechanical/Electrical  7 7 25 
Ceiling  3 3 3 
Floor finish Carpet 2 2 - 
Fireproofing  2 2 2 
Steel structure  14 14 14 
Curtain wall 25 psf on vertical projection 22.9 20.8 10.4 
Total  96.9 94.8 110.4 
 
 
Table 3.2  Building live loads 
Item 
Unit weight 
(psf) 
1
st
, 2
nd
, 3
rd
 floors 4
th
 floor 
Office 50 20 
Partition 15 - 
Total 65 20 
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Table 3.3 Equivalent lateral load forces for the entire prototype SC-MRF building 
Floor 
      
(kips) 
       
(kips) 
     
(kips) 
     
(kips) 
T=Tdes=0.932 sec T=T1=1.51 sec 
4
th
 603 603 405 405 
3
rd
 1003 400 653 248 
2
nd
 1256 253 794 141 
1
st
 1378* 122 851 57 
* Seismic design base shear,      
 
 
Table 3.4 Drift design demands 
Story 
s,el-T1Cd/I 
(% rad) 
4
th
 1.23 
3
rd
 1.48 
2
nd
 1.70 
1
st
 1.48 
 
 
Table 3.5 Drift design demands 
rf,DBE 
(% rad) 
s,DBE 
(% rad) 
rθ ,DBE 
(% rad) 
rf,MCE 
(% rad) 
s,MCE 
(% rad) 
rθ ,MCE 
(% rad) 
2.6 3.9 3.1 3.9 5.9 4.7 
 
  
  71 
 
 
 
Figure 3.1 Schematic of the SC-MRF prototype: (a) plan and (b) elevation. 
 
 
 
(b) 
(a) 
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Figure 3.2 Schematic of the SC-MRF prototype: (a) plan, (b) elevation without gap 
opening, and (c) elevation with gap opening at beam-to-column connections.
(a) 
(b) 
(c) 
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(d)                                                               (e) 
    
Figure 3.3 Details of SC-MRF: (a) elevation of a 2-bay SC-MRF with PT strands and 
WFDs, (b) connection details, (c) photograph of slotted holes in the beam web, (d) 
photograph of friction bolts and brass plates, and (e) photograph of friction channel. 
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Figure 3.4 Conceptual M-r behavior of connections with WFDs. 
 
 
 
 
Figure 3.5 Free body diagram of SC-WFD connection. 
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Figure 3.6 Design objectives related to global response. 
 
 
 
      
Figure 3.7 Design objectives related to connection response. 
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Figure 3.8 Schematic of SC-MRF prototype building (a) plan subjected to diaphragm 
design force at level x, and (b) elevation with corresponding beam axial forces. 
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Figure 3.9 Panel zone shear diagrams: (a) exterior connection and (b) interior 
connection. 
 
 
 
 
 
 
 
 
Figure 3.10 Design of reinforcing pater: (a) contact force on the compression flange 
under the DBE, and (b) free body diagram of the beam flange and reinforcing plate 
under the DBE as web yields in shear and flange yields in compression. 
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Figure 3.11 Design procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Member sizes, number of PT strands and values of E for the prototype 
SC-MRF. 
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Chapter 4  
SC-MRF Test Frame Description 
 Overview 4.1.
This chapter describes a 0.6-scale SC-MRF test frame based on the prototype building, 
including the details of the SC-WFD connections and the simulated floor diaphragm 
connection. The experimental program (including the experimental setup, 
instrumentation plan, test matrix, test methodology, and test procedure) is presented in 
Chapter 5. 
 Relationship to Prototype Building 4.2.
Since the prototype building plan is symmetric with respect to both the North-South 
and East-West axes, the complete building can be idealized as a one-quarter building 
model as shown in Figure 4.1(a). Because the one-quarter building model includes one 
SC-MRF on each of the East-West and North-South perimeters, the one-quarter 
building in the direction of either axis of the plan can be further idealized as one two-
dimensional structural system in elevation. The two-dimensional structural system 
consists of one two-bay 4-story SC-MRF and a gravity load bearing lean-on column as 
shown in Figure 4.1(b). The two-bay 4-story SC-MRF in Figure 4.1(b) represents one 
SC-MRF from the one-quarter building, and the lean-on column in Figure 4.1(b)  
represents the rest of the gravity-load framing system and the associated gravity loads 
and seismic mass of the one-quarter building. The SC-MRF test frame is a 0.6-scale 
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version of the prototype two-bay 4-story SC-MRF shown in Figure 4.1(b). In the 
hybrid earthquake simulations described in Chapter 5, the test frame and the scaled 
lean-on column (with associated gravity loads, seismic mass, stiffness of gravity 
columns, and damping) are the experimental substructure and the analytical 
substructure, respectively. The hybrid simulation method was used to simulate the 
complete building in the laboratory experiments. 
 Geometry 4.3.
Similar to the prototype SC-MRF, the test frame has 4 stories above the ground level 
and one basement story. The scale of the SC-MRF test frame was controlled by 
conditions in the laboratory. A length scale factor, 0.6, was used so that the 4-story 
test frame could be constructed and tested in the laboratory. Table 4.1 summarizes the 
factors that were used to scale the prototype frame. Since length is scaled by  the 
area, the section modulus, and the moment of inertia of each member are scaled by 2, 
3, and 4, respectively. Stress and acceleration are invariant to the scaling. Therefore, 
force and mass are scaled by 2, bending moment is scaled by 3, and time and 
velocity are scaled by .  
Figure 4.2 illustrates centerline-to-centerline dimensions of a scaled prototype SC-
MRF and the SC-MRF test frame. The scaled prototype SC-MRF geometry is 
obtained by applying the scale factor   for length. The bay width is 18 ft in the scaled 
frame, the 1
st
 story height is 9 ft, the upper story heights are 7.5 ft, and the height of 
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the basement story is also 7.5 ft. The differences between the two SC-MRFs shown in 
Figure 4.2 are the basement story (i.e., the story below the ground level) and the 
boundary condition at the base. To accommodate laboratory constraints, changes were 
made to the basement column height and the boundary condition, where the column 
height was reduced to 5 ft, and the boundary condition was changed from fixed to 
pinned (Figure 4.2). The analysis shown in Figure 4.3 justifies the basement-story 
column condition of the SC-MRF test frame. Figure 4.3(a) shows the moment diagram 
of the scaled prototype column below ground, where zero moment occurs at two-thirds 
of the member length (5 ft) below the ground level. The SC-MRF test frame imposes 
this zero moment condition (Figure 4.3(b)) 5 ft below the ground level. 
 Members 4.4.
A992 steel sections were used throughout the SC-MRF test frame. The target member 
sizes were obtained by applying the appropriate scale factors (as summarized in Table 
4.1) to the SC-MRF member section properties of the prototype structure. Figure 4.4 
shows the selected member sections for the SC-MRF test frame. W18x55 sections 
were selected for the ground level, as well as the 1
st
 and 2
nd
 floor beams. W18x50 
sections and W14x34 sections were used for the 3
rd
 floor beams and the 4
th
 floor 
beams, respectively. W10x88 sections were used for all of the SC-MRF test frame 
columns.  
Table 4.2, Table 4.3, and Table 4.4 compare the SC-MRF test frame member section 
properties to the scaled prototype member section properties. The SC-MRF test frame 
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member section properties are not identical to the scaled prototype frame member 
section properties. The SC-MRF test frame beams were selected to have a depth, web 
slenderness ratio (h/tw), cross-section area (A), strong axis elastic section modulus 
(Sx), strong axis plastic section modulus (Zx), and strong axis moment of inertia Ixx as 
close as possible to those of the scaled prototype SC-MRF. For A, Sx, Zx, and Ixx, the 
selected beams for the SC-MRF test frame have values within 8% of the 
corresponding properties of the scaled prototype SC-MRF. The depths and the h/tw of 
the selected beams are within 4% and 3%, respectively, of the properties of the scaled 
prototype SC-MRF. The prototype columns were assumed to be spliced in the 3
rd
 
story, while to simplify construction of the SC-MRF test frame, a single section size 
(W10x88) was used for the interior and exterior columns in all stories. This made the 
selected column about 50% stronger in flexure than the scaled prototype SC-MRF 
column in the upper two stories. 
 Post-Tensioning Details 4.5.
The PT strands consisted of seven-wire low-relaxation Grade 270 steel (which has a 
nominal ultimate stress u,n of 270 ksi). For the prototype and scaled prototype SC-
MRFs and the SC-MRF test frame, Table 4.5 lists the number of strands (Ns), nominal 
diameter of each strand, and nominal cross sectional area (As) of each stand, as well as 
the number of tendons, number of strands per tandon, and the total initial PT strand 
force (To) normalized by the nominal total PT strand ultimate force capacity (Tu,n, 
which is calculated as NsAsu,n in Eq. (3.39)). For the prototype SC-MRF, To was 
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chosen to be about 40% of Tu,n. Table 4.5 shows that To for the SC-MRF test frame 
was similar for the prototype SC-MRF and the scaled prototype SC-MRF. The total 
strand area per tendon for the SC-MRF test frame is 7% less at the 1
st
 and 2
nd
 floors, 
and 2% less at the 3
rd
 and 4
th
 floors than for the corresponding areas of the scaled 
prototype SC-MRF. As a result, To/Tu,n in the SC-MRF test frame is 2% to 10% higher 
than in the scaled prototype SC-MRF. 
Three-piece-wedge barrel type anchors were used for the SC-MRF test frame PT 
strands. Figure 4.5 shows the PT strand layout for the SC-MRF test frame. Eight 
strands (four at each side of the beam web) were used at the 1
st
, 2
nd
, and 3
rd
 floors; 
four strands (two at each side of the beam web) were used at the 4
th
 floor. The PT 
strands run parallel to the beam through holes in the column flanges, as shown in 
Figure 4.5. The holes in the column flanges for the PT strands are shown in Figure 4.6 
and Figure 4.7. The column flanges with holes for the PT strands have reinforcing 
plates on the inside face of the column flange (Figure 4.5(a)) to satisfy the column 
flange low cycle fatigue criterion described in Chapter 3. 
 SC Connection Details  4.6.
The components of the SC-WFD connections and the function of each component 
were described previously in Chapter 3 (Section 3.3.1). 
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4.6.1. Friction Channels  
As illustrated in Figure 4.5, each WFD is comprised of a pair of friction channels and 
a set of fiction bolts. The friction channels are built-up sections from plates with 
details shown in Figure 4.8, which also shows the dimensions of the holes for the 
friction bolts. Each WFD at the 1
st
, 2
nd
 and 3
rd
 floor levels had six friction bolts, while 
at the 4
th
 floor three friction bolts were used. One channel of each pair of channels is 
longer than the other. The longer channel had two additional holes (denoted as 
erection bolt holes in Figure 4.8). The erection bolt holes are for bolts to hold the 
beams temporarily during the SC-MRF test frame erection. The sequence of the SC-
MRF test frame erection is given in Chapter 5. 
4.6.2. Friction Brass Plates  
Brass plates fabricated from ASTM B-19 UNS half-hard cartridge brass material were 
placed on the friction surface between the beam and friction channels to provide a 
controlled level of friction. The brass plates were designed to slide against the beam 
webs. The dimensions of the friction plates are shown in Figure 4.9. The plates had 
drilled holes that were 1/16 in larger in diameter than the friction bolt diameter. The 
coefficient of friction for the steel plate-brass plate friction surface was assumed to be 
0.4, which is the lower bound value from test results by Petty (1999). 
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4.6.3. Friction Bolts  
The friction bolts in the WFDs at the south column (the left-hand column in Figure 
4.4) were 0.5 in diameter A490 bolts. 0.5 in diameter A325 bolts were used in the 
other WFDs. The A490 bolts were installed with bolt gauges to monitor the bolt 
tension force during testing. The bolt gauges are described in Chapter 5 and required 
holes drilled in the shank of the bolts. A490 bolts, which have higher strength than 
A325 bolts, were used to compensate for the material loss due the drilled hole. The 
dimensions of the bolts are shown in Figure 4.10. F436 washers were used for the 
friction bolts. Washer plates, shown in Figure 4.11, made of A36 steel, were used for 
the 4
th
 floor WFDs because the total thickness of the friction channel webs, beam web, 
and brass plates (placed at the interfaces of the friction channel and beam webs) was 
less than the friction bolt unthreaded length. The friction bolts were tightened to their 
specified minimum pretension of 12 kips (AISC 2005b) (i.e., Nb=12 kips in Eq. (3.2)). 
The corresponding     (based on Eq. (3.24)) ranged from 24% (1
st
 floor) to 33% (4
th
 
floor) as shown in Figure 4.4. These values are referred to as the design values for βE, 
denoted as βE,des. 
4.6.4. Beam Web Slots 
As mentioned in Chapter 3 (Section 3.3.1), slots were cut in the beam webs to 
accommodate the travel of the friction bolts during the gap opening and closing of the 
connections. Figure 4.12, Figure 4.13, and Figure 4.14 show the details of the beam 
web slots. The slots were made by drilling a hole at each end of the slot and then 
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connecting the holes by burning and grinding. Any slag on the beam webs was 
removed. The ground level beams did not have slots, since fully welded beam-to-
column connections (presented later in this chapter) were used at the ground level.  
4.6.5. Beam Flange Reinforcing Plates 
As illustrated in Figure 4.12 and Figure 4.13, reinforcing plates were fillet welded to 
the top surface of the top flange and bottom surface of the bottom flange of the beam. 
The length of the reinforcing plates (Lrp as shown in Figure 4.15) was controlled by 
the beam horizontal shear yield criterion (Eq. (3.26)). The beam flange strain criterion 
(Eq. (3.28)) was satisfied. Lrp ranges from 2.5% to 11% of the beam length. The 
dimensions of the reinforcing plates are given in Figure 4.16. In the north bay of the 
SC-MRF test frame, the connections required a longer Lrp at the south end than at the 
north end. This is because in the north bay the beam axial force at the south end due to 
the inertial force transferred by the floor diaphragm is higher than that at the north end 
(as explained further in Section 4.9).  For the south-bay beams, the same reinforcing 
plate length was required at each end (equal to the shorter Lrp at the north end of the 
north-bay beams) because the south-bay beams have equal beam axial forces at each 
end (see Section 4.9); however, to simplify the fabrication of the beams, the south-bay 
beams had the same reinforcing plate lengths as the north-bay beams. 
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4.6.6. Shim Plates at Column Face 
The shim plates (Figure 4.5(a)) were made of A36 steel plates and fillet welded to the 
column face at the top and bottom flanges of the beams as shown in Figure 4.17. Since 
the space between the beam flange and column face could vary due to column camber, 
plates with 3/4, 5/8, 1/2 and 3/8 in thicknesses were used for the shim plates to 
improve the contact conditions between the beam flange and the column flange.  
4.6.7. Panel Zone Bearing Stiffeners and Doubler Plates 
Bearing stiffeners and doubler plates were used in the SC-MRF test frame as 
illustrated in Figure 4.5, Figure 4.6, and Figure 4.18. The bearing stiffeners for the 
exterior columns (see Figure 4.5) were installed between the two PT strand bundles to 
support the column flange against the concentrated PT anchor forces on the outside 
face of the column. The bearing stiffeners for the center column were aligned with the 
beam flanges (as shown in Figure 4.19) to reduce distortion of the column flanges due 
to the beam flange contact forces acting on the column. The center column bearing 
stiffeners were installed after the SC-MRF test frame was erected for the purpose of 
improving the SC-MRF connection behavior. Chapter 6, which presents experimental 
results, gives further discussion of the effect of beam flange contact conditions on the 
SC-MRF connection behavior. 
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4.6.8. Column Flange Reinforcing Plates 
To avoid column flange low cycle fatigue, the column flange reinforcing plates shown 
in Figure 4.5(a) and Figure 4.20 were used. The dimensions were determined by the 
column flange low cycle fatigue criterion (Eq. (3.31)).  
 Ground Floor Connection and Column Base Details 4.7.
At the ground floor level, the SC-MRF test frame had full-penetration welded beam-
to-column connections similar to the connections used in conventional welded steel 
MRFs. The details are illustrated in Figure 4.21 and Figure 4.22. A typical access hole 
detail is shown in Figure 4.23. All columns had the column base detail illustrated in 
Figure 4.24. 
 Floor Diaphragm System 4.8.
The SC-MRF test frame is attached to a floor diaphragm system at each floor level. 
The floor diaphragm system shown in Figure 4.25(a) is designed to move together as 
one piece. As seen in Figure 4.25(a), the floor diaphragm of the SC-MRF test frame is 
attached only to the north-bay (denoted as the fixed (FD) bay) beam of the SC-MRF 
test frame. The columns and the south-bay beam of the SC-MRF test frame move 
relatively to the floor diaphragm within the plane of the SC-MRF. The detail for 
attaching the floor diaphragm to the SC-MRF test frame is similar to that of the 
prototype structure.  
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The floor diaphragm of the SC-MRF test frame is comprised of a concrete slab and a 
loading beam system. The loading beam system consists of two parallel HSS 
12x12x3/8 sections (loading beams) that are attached to the north-bay beam though 
steel diaphragm plates (Figure 4.25(a)). At each floor, the loading beams are attached 
to the hydraulic actuator (discussed in Chapter 5) through a spreader beam at the north 
end of the test frame. The diaphragm plates are made of ASTM A572 Gr. 50 steel with 
the dimensions of 30 in x 7 in x 1/2 in, and are welded to the beam top flange as 
shown in Figure 4.26. The concrete slab is attached to the diaphragm plate by shear 
studs. During the construction of the test frame, the diaphragm plates were welded to 
the loading beams from below after the floor slab was cast. The concrete slab in the 
south bay (denoted as the sliding bay), shown in Figure 4.27, is non-composite. The 
slab is designed to slide on the south-bay beam to enable the beam-to-column 
connections in the SC-MRF test frame to develop gap opening without floor 
diaphragm restraint. Therefore, no shear studs were used in the south bay. Shim plates 
at the underside of the metal decking were welded to the beam flange to maintain the 
proper elevation of the concrete slab in the south bay. The south-bay and north-bay 
concrete slabs were tied together by embedded rebars (Figure 4.28) so that no 
horizontal relative movement occurred between them during the test. The length of 
each concrete slab was shorter than the length of each beam (as shown in Figure 
4.28(a)) to provide space for instruments measuring connection gap opening 
(described in Chapter 5) to be placed. At each column of the SC-MRF test frame, the 
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loading beams are supported by shelves welded to the column flanges (see Figure 
4.25(b)). Details of the loading beam support shelves are shown in Figure 4.25(c). 
 Floor Diaphragm Effect on Beam Axial Force 4.9.
As shown Figure 4.29(a), floor inertial forces are transferred to the SC-MRF test 
frame through the north-bay beams, where the floor diaphragm systems are connected 
to the beams. Figure 4.29(a) shows the inertial force Fx and the resulting story shears 
Vx, where denotes the floor level or story number. Figure 4.29(b) shows an elevation 
of one level of the SC-MRF test frame with the inertial force Fx applied to the north 
direction. The interior column shear is assumed to be twice the exterior column shear. 
As a result, the beam axial forces at the SC-WFD connections are estimated as 
follows: 
               (4.1)  
               (4.2)  
                   (4.3)  
               (4.4)  
where PSS,x, PSN,x, PNS,x and PNN,x are the beam axial forces at the x
th
 floor in the 
connections at the south-bay south-end (denoted as SS), south-bay north-end (denoted 
as SN), north-bay south-end (denoted as NS), and north-bay north-end (denoted as 
NN), respectively. When the inertial force is applied to the south direction as shown in 
Figure 4.29(c), the beam axial forces in the SC-WFD connections at the x
th
 floor 
become: 
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               (4.5)  
               (4.6)  
                   (4.7)  
               (4.8)  
The second term at the right hand side of Eq. (4.1) through Eq. (4.8) represents the 
beam axial force from the inertial force transferred by the floor diaphragm, Pfd as 
denoted in Eq. (3.3). 
When the inertial force is acting to the north, the inertial force increases the beam 
axial force in the NN connection (as shown in Eq. (4.4)) and decreases the beam axial 
forces in the SS, SN, and NS connections (as shown in Eq. (4.1), Eq. (4.2), and Eq. 
(4.3), respectively). When the inertial force is acting to the south, the inertial force 
decreases the beam axial force in the NN connection (as shown in Eq. (4.8)) and 
increases the beam axial forces of the SS, SN and NS connections (as shown in Eq. 
(4.5), Eq. (4.6), and Eq. (4.7), respectively).  
The SS and SN connections at each floor have the same beam axial force as shown in 
Eq. (4.1) and Eq (4.2), as well as Eq. (4.5) and Eq. (4.6). The NS and NN connections 
have different beam axial forces as shown in Eq. (4.3) and Eq (4.4), as well as Eq. 
(4.7) and Eq. (4.8). The maximum beam axial forces at the x
th
 floor are: 
                  (4.9)  
                  (4.10)  
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                      (4.11)  
                  (4.12)  
The maximum beam axial forces for the SS, SN and NN connections are the same. 
The NS connection has the largest beam axial force among the four connections at the 
x
th
 floor, and this is why the NS connection required a longer Lrp than the other 
connections as described in Section 4.6.5.   
 Demands and Capacities 4.10.
Since the structural lateral drift and connection relative rotation are invariant to the 
scaling (Table 4.1), the design demands for roof drift, story drift, and connection 
relative rotation for the prototype SC-MRF and the SC-MRF test frame are the same. 
These demands are listed in Table 3.5.  
Table 4.6 lists the SC-MRF test frame demand-capacity ratios under the DBE and 
MCE. Under the DBE, the demand-capacity ratios for beam horizontal shear yield 
criterion calculated from Eq. (3.26) and the panel zone yield criterion calculated from 
Eq. (3.30) range from 0.77 to 0.98. It should be noted that     of the prototype SC-
MRF and the SC-MRF test frame is controlled by the beam horizontal shear yield 
criterion (Eq. (3.26)). Therefore, for the beam flange strain criterion (Eq. (3.28)), the 
demand-capacity ratio rp,DBE/2y for each floor level ranged from 0.45 to 0.49. Under 
the MCE, the demand-capacity ratios for the beam web compactness criterion 
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calculated from Eq. (3.35) and the strand yield criterion calculated from Eq. (3.38) 
ranged from 0.87 to 1.00. 
 Material and Section Properties 4.11.
Tension tests were conducted to establish actual material properties for the structural 
members of the SC-MRF test frame. Tension coupons were cut from steel remaining 
after the test frame was fabricated. The coupons were fabricated according to ASTM 
E8 [ASTM 1994] and uniaxial tension tests were conducted according to the SSRC 
guidelines [SSRC 1998]. Flat coupons with 8 in gage lengths were cut from the 
column and beam flanges, and from beam flange reinforcing plates. A total of eight 
beam flange coupons, two column flange coupons, and two beam flange reinforcing 
plate coupons were tested. Table 4.7 lists average properties for the coupons tested.  
Representative stress-strain curves for the tension coupons are presented in Figure 
4.33 through Figure 4.34.  
The average measured beam dimensions for the SC-MRF test frame are listed in Table 
4.8, where db is the beam depth; tw is the web thickness; tf is the flange thickness; bf is 
the flange width; r is the COR to center of WFD friction force resultant; d2 is the COR 
to centroid of beam section. Table 4.9 lists the calculated cross section area (A), the 
moment of inertia about the strong axis (Ixx), and the plastic modulus (Zx) using the 
measured beam dimensions. The calculated A, Ixx, and Zx values are slightly smaller 
than the nominal values perhaps because the calculated A, Ixx, and Zx do not include 
the fillet region between the flanges and web. Table 4.10 lists the measured 
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dimensions of the beam flange reinforcing plates at the south end of the south-bay 
beam (denoted SS), the north end of the south-bay beam (denoted SN), the south end 
of the north-bay beam (denoted NS), and the north end of the north-bay beam (denoted 
NN). trp is the flange reinforcing plate thickness; brp is the flange reinforcing plate 
width; Lrp is the flange reinforcing plate length. 
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Table 4.1 Scale factors used for SC-MRF test frame development (adapted from 
Herrera 2005) 
Quantity Dimension Scale factor 
Stress F/L
2 
1 
Acceleration L/T
2
 1 
Length, Displacement L 
Drift, Rotation L/L 
Time T  
Area L
2
  
Section modulus L
3
  
Moment of inertia L
4
  
Force F  
Moment F·L  
Velocity L/T  
Mass F·T
2
/L  
Note F= Force, L= Length, T= Time. 
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Table 4.2 Beam members for the SC-MRF test frame 
Floor SC-MRF Section 
Depth 
(in) 
h/tw 
A 
(in2) 
Sx 
(in3) 
Zx 
(in3) 
Ixx 
(in4) 
1
st
, 
2
nd
 
Prototype W30x148 30.7 41.6 43.5 436 500 6680 
Scaled 
prototype -- 18.4 41.6 15.7 94 108 866 
Test frame W18x55 18.1 41.1 16.2 98 112 890 
Difference -- -1.7% -1.2% +3.5% +4.4% +3.7% +2.8% 
3
rd
 
Prototype W30x132 30.3 43.9 38.9 380 437 5770 
Scaled 
prototype -- 18.2 43.9 14.0 82 94 748 
Test frame W18x50 18.0 45.2 14.7 89 101 800 
Difference -- -1.0% +3.0% +5.0% +8.3% +7.0% +7.0% 
4
th
 
Prototype W24x94 24.3 41.9 27.7 222 254 2700 
Scaled 
prototype -- 14.6 41.9 10.0 48 55 350 
Test frame W14x34 14.0 43.1 10.0 49 55 340 
Difference -- -4.0% +2.9% +0.3% +1.4% -0.5% -2.8% 
 
 
 
Table 4.3 Interior column members for the SC-MRF test frame 
Floor 
Exterior 
columns 
Section 
Depth 
(in) 
h/tw 
A 
(in2) 
Sx 
(in3) 
Zx 
(in3) 
1
st
, 
2
nd
 
 
Prototype W14x257 75.6 16.4 75.6 415 487 
Scaled 
prototype -- 27.2 9.8 27.2 90 105 
Test 
frame W10x88 25.9 10.8 25.9 99 113 
Difference -- -4.8% +9.8% -4.8% +9.9% +7.4% 
3
rd
, 
4
th
 
Prototype W14x193 56.8 15.5 15.5 310 355 
Scaled 
prototype  20.4 9.3 9.3 67 77 
Test 
frame W10x88 25.9 10.8 10.8 99 113 
Difference -- +26.7% +16.1% 16.0% +47.1% +47.4% 
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Table 4.4 Exterior column members for the SC-MRF test frame 
Floor 
Exterior 
columns 
Section 
Depth 
(in) 
h/tw 
A 
(in2) 
Sx 
(in3) 
Zx 
(in3) 
1
st
, 
2
nd
 
 
Prototype W14x233 68.5 16.0 68.5 375 436 
Scaled 
prototype -- 24.7 9.6 24.7 81 94 
Test 
frame W10x88 25.9 10.8 25.9 99 113 
Difference -- +5.0% +12.5% 5.0% +21.6% +20.0% 
3
rd
, 
4
th
 
Prototype W14x176 51.8 15.2 51.8 281 320 
Scaled 
prototype -- 18.6 9.1 18.6 61 69 
Test 
frame W10x88 25.9 10.8 25.9 99 113 
Difference -- +38.9% +18.4% 38.9% +62.3% +63.5% 
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Table 4.5 PT strand details 
Floor PT strands    
Dia. 
(in) 
   
(in
2
) 
No. of 
tendons 
No. of 
strands 
per 
tendon 
Area 
per 
tendon 
(in
2
) 
  /     
4
th
 
Prototype 8 0.6 0.217 
4 
2 0.434 0.43 
Scaled 
Prototype 
-- -- -- -- 0.156 0.43 
Test Frame 4 0.5 0.153 1 0.153 0.44 
Difference -- -- --  -- -1.9% +2.3% 
3
rd
 
Prototype 16 0.6 0.217 
8 
2 0.434 0.38 
Scaled 
Prototype 
-- -- -- -- 0.156 0.38 
Test Frame 8 0.5 0.153 1 0.153 0.39 
Difference -- -- --  -- -1.9% +2.6% 
2
nd
 
Prototype 24 0.6 0.217 
8 
3 0.651 0.38 
Scaled 
Prototype 
-- -- -- -- 0.234 0.38 
Test Frame 8 0.6 0.217 1 0.217 0.42 
Difference -- -- --  -- -7.3% +10.5% 
1
st
 
Prototype 24 0.6 0.217 
8 
3 0.651 0.41 
Scaled 
Prototype 
-- -- -- -- 0.234 0.41 
Test Frame 8 0.6 0.217 1 0.217 0.44 
 -- -- --  -- -7.3% +7.3% 
 
 
Table 4.6 Demand-capacity ratio under the DBE and MCE 
Floor 
DBE limit state MCE limit state 
Beam 
horizontal 
shear yield 
(Eq. (3.26)) 
Panel zone 
yield 
(Eq. (3.30)) 
Maximum 
beam flange 
strain 
(Eq. (3.28)) 
Beam web 
compactness 
(Eq. (3.35)) 
Strand 
yield 
(Eq. (3.38)) 
4
th
 0.93 0.77 0.46 0.87 0.91 
3
rd
 0.92 0.87 0.45 0.92 0.96 
2
nd
 0.81 0.97 0.49 0.89 0.98 
1
st
 0.93 0.98 0.49 0.89 1.00 
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Table 4.7 Average measured steel material properties 
Element 
Yield Stress* 
   
(ksi) 
Ultimate 
Stress 
(ksi) 
Strain at 
Ultimate 
Stress 
Strain at 
Failure 
W10x88 Flange 47.3 70.9 0.160 0.293 
W14x34 Flange 48.4 66.6 0.168 0.280 
W18x50 Flange 50.5 68.8 0.166 0.283 
W18x55 Flange 48.8 68.4 0.166 0.283 
Beam flange 
reinforcing plate 
54.2 78.5 0.154 0.241 
* Static yield stress as defined by SSRC [1998]. 
 
 
 
Table 4.8 Beam dimensions of SC-MRF test frame 
Section Floor  
db 
(in) 
tw 
(in) 
tf 
(in) 
bf 
(in) 
r 
(in) 
d2 
(in) 
W14x34 4
th
  
Mean 14.0 0.283 0.450 6.78 9.1 7.5 
Nominal 14.0 0.285 0.455 0.675 9.0 7.5 
W18x50 3
rd
  
Mean 18.0 0.356 0.570 7.53 10.8 9.0 
Nominal 18.0 0.355 0.570 7.50 10.7 9.5 
W18x55 2
nd
  
Mean 18.1 0.391 0.627 7.58 10.7 9.3 
Nominal 18.1 0.390 0.630 7.53 10.8 9.5 
W18x55 1
st
 
Mean 18.0 0.390 0.622 7.57 10.7 9.3 
Nominal 18.1 0.390 0.630 7.53 10.8 9.5 
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Table 4.9 Beam section properties of SC-MRF test frame 
Section Floor 
 A 
(in
2
) 
Ixx 
(in
4
) 
Zx 
(in
3
) 
W14x34 4
th
  
Mean 9.8 333 47.6 
Nominal 10 340 54.6 
W18x50 3
rd
  
Mean 14.6 794 88.3 
Nominal 14.7 800 101 
W18x55 2
nd
  
Mean 16.1 886 97.4 
Nominal 16.2 890 112 
W18x55 1
st
 
Mean 16.0 864 96.0 
Nominal 16.2 890 112 
Note: Calculated mean section properties do not include the fillet regions 
between the flanges and webs. 
 
 
Table 4.10 Beam flange reinforcing plate dimensions of SC-MRF test frame 
Floor  
trp 
(in) 
brp 
(in) 
Lrp 
(in) 
trp 
(in) 
brp 
(in) 
Lrp 
(in) 
SS, NN SN, NS 
4
th
  
Mean 0.497 5.0 5.03 0.497 5.0 10.0 
Nominal 0.5 5.0 5.0 0.5 5.0 10.0 
3
rd
  
Mean 0.497 9.0 10.03 0.497 9.0 14.53 
Nominal 0.5 9.0 10.03 0.5 9.0 14.5 
2
nd
  
Mean 0.497 9.0 17.78 0.497 9.0 22.53 
Nominal 0.5 9.0 17.75 0.5 9.0 22.5 
1
st
 
Mean 0.497 9.0 17.78 0.497 9.0 22.53 
Nominal 0.5 9.0 17.75 0.5 9.0 22.5 
Note: SS= south end of south-bay beam; NN= north end of 
south-bay beam; SN= north end of south-bay beam; NS= south 
end of north-bay beam.  
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Figure 4.1 Schematics of (a) prototype building plan and (b) two-dimensional 
prototype SC-MRF system. 
 
 
 
 
(a) 
(b) 
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Figure 4.2 Schematic elevation of (a) scaled prototype and (b) test frame. 
 
 
 
Figure 4.3 Basis for adjusted basement story: (a) approximate model of scaled 
prototype frame basement story; (b) approximate model of test frame basement story. 
(after Fahnestock  2006) 
  
(b) (a) 
(b) (a) 
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Figure 4.4 SC-MRF test frame elevation with reaction points.  
 
 
 
Figure 4.5 Test frame SC connection detail: (a) 1
st
, 2
nd
, and 3
rd
 floors and (b) 4
th
 floor. 
Friction Channel
Anchorage
Friction
 Bolts
A
A
Sec. A-A
Reinforcing
Plate
C
PT Strands
Sec. C-C
Col. Stiffener
Doubler Plate
Col. Flng. Reinf. Plate
B B
Sec. B-B
Shim Plate
(b) 
(a) 
North Bay 
4th Floor 
3rd Floor 
2nd Floor 
1
st
 Floor 
Ground Floor 
βE,des 
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Figure 4.6 SC-MRF test frame column detail for exterior columns. 
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Figure 4.7 SC-MRF test frame column detail for interior columns. 
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Figure 4.8 SC-MRF test frame friction channel detail: (a) channels at 4
th
 floor without 
erection bolt holes and (b) channels at 4
th
 floor with erection bolt holes; (c) channels at 
1
st
, 2
nd
, and 3
rd
 floors with erection bolt holes, and (d) channels at 1
st
, 2
nd
, and 3
rd
 
floors without erection bolt holes. 
 
 
 
(b) (a) 
(d) (c) 
Erection bolt holes 
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Figure 4.9 Test frame brass plate detail:  (a) 1
st
, 2
nd
, and 3
rd
 floors and (b) 4
th
 floor. 
 
 
Figure 4.10 Friction bolts used in the test frame. 
 
 
Figure 4.11 Washer plates used for the 4
th
 floor friction bolts.  
 
 
For 1
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 - 3
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(1/8” thick Qty. 24) 
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½” 
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Figure 4.12 SC-MRF test frame beam details: (a) 4
th
 and (b) 3
rd
 floors. 
(a) (b) 
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Figure 4.13 SC-MRF test frame beam details: (a) 1
st
 and 2
nd
 floors and (b) ground 
floor. 
 
(b) (a) 
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Figure 4.14 Beam web slot details.  
 
 
Figure 4.15 Reinforcing plate lengths of beams. 
 
                  
Figure 4.16 Beam flange reinforcing plate dimensions. 
BW2 
 
 
 ½”  bolt hole 
(Qty. 2 ) 
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CP5 17.75 9.00 0.50 
CP6 22.50 9.00 0.50 
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Figure 4.17 Shim plate details. 
 
 
1
st
 &
 2
n
d
 F
lo
o
r
s 
3
rd
 F
lo
o
r
 
 
4
th
 F
lo
o
r
 
th
ic
k
n
e
ss
 
 112 
 
 
            
 
 
Figure 4.18 Column panel zone: (a) doubler plates and (b) bearing stiffeners. 
 
 
 
Figure 4.19 Center column panel zone bearing stiffeners at (a) 4
th
 and (b) 1
st
, 2
nd
, and 
3
rd
 floors. 
 
(b) 
(a) 
(a) (b) 
 
Doubler 
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(in) 
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DP3 28.50 7 13/16 0.50 
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Figure 4.20 Column flange reinforcing plate detail. 
 
 
 
 
Figure 4.21 Ground floor beam full-penetration welded connection detail: north and 
south columns. 
 
 
HR 
 C L 
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Figure 4.22 Ground floor beam full-penetration welded connection detail: center 
column. 
 
 
 
Figure 4.23 Access hole detail for full-penetration welds.   
 
 
C L 
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Figure 4.24 Column base plate detail: (a) plan view and (b) section view. 
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Figure 4.25 Floor diaphragm system in SC-MRF test frame: (a) loading beam system, 
(b) support shelves for loading beams, and (c) support shelf details.  
(a) 
(b) 
(c) 
  3/16 ” 
E70T-1 (Typ.) 
Shelves to column 
A-A 
Spreader Beam 
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Figure 4.26 Steel diaphragm connection detail for the north-bay (FD-bay) beams. 
 
 
Figure 4.27 South-bay (sliding-bay) beam-to-floor-slab slip detail.   
Floor 
Diaphragm  
Shear Plate. 
(30”x7”x0.5”) 
Sec. N3-N3 
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Figure 4.28 Concrete slab connectivity between bays of SC-MRF test frame: (a) 
embedded rebar and (b) section view. 
(a) 
(b) 
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Figure 4.29 Floor inertial forces and story shears of the SC-MRF test frame: (a) 
elevation view of forces, shears, and SC-MRF schematic, (b) one level of SC-MRF 
loaded to north and (c) one level of SC-MRF loaded to south. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
(c) 
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Figure 4.30 Tensile coupon results for W14x34 beam flange. 
 
 
 
Figure 4.31 Typical tensile coupon results for W18x50 beam flange. 
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Figure 4.32 Typical tensile coupon results for W18x55 beam flange. 
 
 
 
 
 
Figure 4.33 Tensile coupon results for W10x88 column flange. 
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Figure 4.34 Tensile coupon results for beam flange reinforcing plate. 
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Chapter 5  
Experimental Setup and Procedures 
5.1. Introduction 
This chapter describes the setup and procedures used in the experimental program. 
The discussion includes the experimental setup, instrumentation, matrix of 
experiments, and experimental methods (including the earthquake hybrid simulation 
method). 
As described in Chapter 3, there were four similar SC-MRFs on the prototype building 
perimeter in each direction. As described in Chapter 4, the SC-MRF test frame was a 
0.6-scale model of one SC-MRF from the prototype building. Taking advantage of the 
building plan symmetry, only one quarter of the building in plan was considered in the 
hybrid earthquake simulations, where an experimental substructure and an analytical 
substructure were used to simulate the building. The SC-MRF test frame is the 
experimental substructure, and the inherent viscous damping of the building, the 
seismic mass, the gravity frame lateral stiffness, and the P- effect due to gravity 
loads were included in the analytical substructure. 
The SC-MRF test frame was constructed in the Advanced Technology for Large 
Structural Systems (ATLSS) Engineering Research Center at Lehigh University. The 
experiments were conducted using the Real-Time Multi-Direction (RTMD) facility 
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and other equipment at the ATLSS Engineering Research Center. Details of the 
experimental setup and procedures are described in the following sections. 
5.2. Experimental Setup 
The SC-MRF test frame is shown in Figure 5.1. Figure 5.1 also shows the out-of-plane 
bracing frame system, which restrained out-of-plane lateral movement of the SC-MRF 
test frame. The yellow-painted beams and columns in Figure 5.1 are the SC-MRF test 
frame members. The red frame members are the bracing frame system. The SC-MRF 
test frame was pin-connected to fixtures on the laboratory strong floor at the column 
bases and restrained against horizontal movement at the ground level by ground links, 
as shown in Figure 5.2. Lateral forces were imposed by hydraulic actuators to the SC-
MRF through the loading beam system described in Chapter 4. The following sections 
describe details of the lateral loading and bracing systems, the fixtures at ground and 
base levels, the applied loads and the reaction forces, and the fabrication and erection 
of the SC-MRF test frame. 
5.2.1. Lateral Loading System 
The lateral loading system for the SC-MRF test frame used one hydraulic actuator at 
each floor level of the SC-MRF test frame. The actuators were attached to the reaction 
wall at each floor level, as shown in Figure 5.2. The fixture details for attaching each 
actuator to the reaction wall are shown in Figure 5.3 and Figure 5.4. The adapter 
beams shown in Figure 5.5 and Figure 5.6 were used to adapt the hole configuration of 
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the anchor plate of the wall fixture to the hole configuration of the actuator clevis, and 
to allow the piston of the actuator to be postitioned near midstroke. To transfer lateral 
force to the SC-MRF at each floor level, each actuator was connected to the loading 
beam system, consisting of two HSS12x12x3/8 beams (located on either side of the 
SC-MRF as shown in Figure 5.7 and Figure 4.25(a)) and a spreader beam, which 
connected the north ends of the two HSS loading beams to the actuator. As mentioned 
in Chapter 4, at each floor level, a steel diaphragm connected the loading beams to the 
north bay beam of the SC-MRF test frame to transfer the lateral force from the loading 
beams into the SC-MRF test frame. 
5.2.2. Lateral Bracing System 
The bracing frame system was developed by Herrera (2005) and consists of one 
bracing frame on each side of the SC-MRF test frame. These bracing frames restrain 
out-of-plane movement of the SC-MRF test frame. Figure 5.8 shows an elevation of 
the bracing frame system, where one of the frames is illustrated. The SC-MRF test 
frame was erected within the two bracing frames, as shown in Figure 5.9. C10x30 
sections span through the SC-MRF test frame to tie the two bracing frames together, 
and similar C10x30 sections tie the bracing frames to the reaction wall. The loading 
beams were braced out-of-plane by the bracing frames. As lateral force is applied to 
the SC-MRF test frame, the loading beam system displaces in-plane (i.e., horizontally 
and vertically) relative to the bracing frames. Therefore, adjustable low friction slip 
bearings (shown in Figure 5.10) were used to provide out-of-plane bracing and in-
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plane slip. Teflon sheets were placed on the slip surfaces between the bracing frames 
and the loading beams to minimize frictional forces. The SC-MRF test frame beams 
and columns were braced out-of-plane by beam bracing brackets (Figure 5.11) and 
column bracing angles (Figure 5.12), respectively. The beam bracing bracket were 
attached to the beam flanges to provide out-of-plane bracing and allow the beam to 
move relative to the loading beam by sliding on the slip surfaces (Figure 5.11). To 
brace the SC-MRF column out-of-plane (Figure 5.12), the loading beam support 
shelves are welded to the column flange, and column bracing angles are attached to 
the loading beams and bear against the loading beam support shelves. The loading 
beam support shelves can slide relative to the loading beam on slip surface shown in 
Figure 5.12.  
Figure 5.13 shows the locations when the SC-MRF test frame is braced out-of-plane. 
The SC-MRF beams were braced at the quarter points to satisfy the requirement of 
beam lateral bracing in the AISC Seismic Provisions (2005a). The SC-MRF column 
were braced at the 1
st
, 2
nd
, 3
rd
, and 4
th
 floor levels as shown in Figure 5.13. 
5.2.3. Fixtures at Ground and Base Levels 
The clevis detail that pin-connected the base of each column of the SC-MRF test 
frame to the strong floor is shown in Figure 5.14. As illustrated in Figure 5.2, two pin-
ended ground links were positioned at the ground level to provide the ground level 
horizontal reactions. Each ground link was bolted to the SC-MRF test frame column at 
one end and to a W14x257 spreader beam at the other end. The ground links were 
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pretensioned to 300 kips to eliminate small slip displacements within the clevises and 
threaded elements of the ground links during testing. Each end of each spreader beam 
was bolted to a bracing frame. L8x4x1 angle sections were used to carry the ground 
link reaction to the strong floor. The L8x4x1 angle sections were attached to the 
bracing frame columns just below the spreader beam (see Figure 5.8). It should be 
noted that these fixtures were developed by Herrera (2005). 
5.2.4. Fabrication and Erection 
The fabrication of the SC-MRF test frame was done in two phases. The first phase was 
completed by Nazareth Machine Works, Inc. in Mount Bethel, PA. Nazareth Machine 
Works fabricated the SC-MRF columns and beams, including the panel zone bearing 
stiffeners, column flange reinforcing plates, column base plates, panel zone bearing 
stiffeners for the exterior columns, and beam flange reinforcing plates. The slots in the 
beam webs and the built-up friction channels were also fabricated by Nazareth 
Machine Works. These fabricated components were shipped to the ATLSS Center.  
The second phase was performed by laboratory technicians at the ATLSS Engineering 
Research Center. This phase included the fabrication and attachment of the diaphragm 
plates, the HSS12x12x3/8 loading beams, cartridge brass plates for the WFDs, and the 
shim plates for beam flange contact, as well as the construction of the concrete slabs 
of the floor diaphragm. The center column panel zone bearing stiffeners were cut and 
attached in the laboratory after the erection of the SC-MRF test frame to improve the 
connection behavior, as discussed in Chapter 6. The weld access holes, shear tabs, 
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beveled flanges and webs, and full penetration welds of the ground level beams were 
executed by the ATLSS laboratory technicians. The SC-MRF test frame was then 
erected by the ATLSS technicians in the following sequence: 
1. One friction channel of each WFD (the longer channel with the erection bolt 
hole as shown in Figure 4.8(b) and Figure 4.8(d)) was welded to the 
corresponding column flanges; 
2. The loading beam support shelves were welded to the columns flanges; 
3. The SC-MRF test frame columns were erected and bolted to the column base 
fixture; 
4. The ground level beams were erected and welded to the columns; 
5. The diaphragm plates were welded to the FD-bay beams. The shim plates to 
maintain the proper elevation of the concrete slabs were welded to the sliding-
bay beams. Concrete slabs were then cast on the beams; 
6. The 1st and 2nd floor beams with concrete slabs were attached to the columns 
using erection bolts placed through the erection holes in the webs of the beams 
and the longer friction channels. Brass plates were inserted between the 
channels and the beam webs; 
7. Shim plates were placed at the beam-to-column interfaces and welded to the 
column faces; 
8. The remaining friction channels and brass plates on the other side of the beam 
webs were put in place; 
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9. The friction bolts were tensioned to their specified minimum pre-tension of 12 
kips using a calibrated torque wrench; 
10. The remaining friction channels were welded to the column faces to complete 
the WFDs; 
11. The loading beams and the spreader beams of the 1st and 2nd floor were 
installed; 
12. Steps 6 to 11 were repeated for the 3rd and 4th floor beams; 
13. The ground links were installed and tensioned to 300 kips; 
14. The out-of-plane beam bracing brackets and column bracing angles were 
installed so that the SC-MRF column and beams were braced out-of-plan by 
the loading beams; 
15. The out-of-plane low friction slip bearings were installed so that the loading 
beams were braced by the bracing frames; 
16. The diaphragm plates were welded to the loading beams; 
17. The sliding-bay concrete slab was connected to the FD-bay concrete slab at 
each floor by joining the embedded rebar; 
18. The PT strands were installed and post-tensioned to their design PT force. 
5.3. Instrumentation 
About 250 channels of instrumentation were used to collect data on the behavior of the 
SC-MRF test frame. The instrumentation included load cells, load pins, full bridges, 
strain gauges, displacement transducers, and rotation meters. Load cells were used to 
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measure forces in the PT stands, actuators, and ground links. Load pins were used to 
measure reaction forces in the column clevises. Full bridges were installed on the 
beams to measure the beam internal forces (bending moment and axial force). Strain 
gauges were used to monitor strains at critical locations in the SC-MRF test frame 
members. Displacement transducers measured global displacements of the SC-MRF 
test frame and relative displacements at the connections between members. Rotation 
meters measured the rotations of the columns and beams at possible plastic hinge 
locations. 
5.3.1. Load Cells and Pins 
The locations of the load cells and load pins in the SC-MRF test frame are shown in 
Figure 5.15. Twenty eight PT load cells (labeled LCT in Figure 5.15) were used to 
measure the tension forces in the PT strands. Each PT load cell has an outer diameter 
of 3 in and an inside diameter of 2.5 in, and a length of 5 in. The range of these load 
cells is up to +220 kips. The PT load cell configuration at each floor level is shown in 
Figure 5.16. 
The ground link load cells (labeled LCC in Figure 5.15) were produced by Houston 
Scientific. These load cells measured reactions in the ground links. They have a load 
range of ±600 kips, a length of 12 in, an outer diameter of 6 in, and an inside diameter 
of 3.5 in. The ground link load cells were tapped with threads to enable threaded rods 
to connect them to the clevises in the ground links. 
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The actuator load cells used for the 4
th
, 3
rd
, and 2
nd
 floors were also produced by 
Houston Scientific with a load range of ±600 kips. The load cell used for the 1
st
 floor 
actuator was produced by Lebow with a load range of +346 kips and -462 kips. 
At the base of each column, a pair of load pins (produced by Strainsert) measured the 
reactions. The load pins are labeled as LCP in Figure 5.15. Each load pin has a range 
of ±160 kips. The reaction at each column clevis is the sum of the measurements of 
the two load pins within each pair of load pins. 
5.3.2. Strain Gauges 
The overall plan of strain gauges used in the SC-MRF test frame is shown in Figure 
5.17, which also shows close-up views of the strain gauge locations on the beams and 
columns. The strain gauges placed on the beam flanges at the ends of beam flange 
reinforcing plates were used to measure strains at these locations. The beam flange 
strain at these locations reaching twice the yield strain is a limit state considered for 
DBE-level ground motions. As shown in Figure 5.17(b), these strain gauges were 
placed on the beam flanges 0.25 in away from the welds at the ends of beam flange 
reinforcing plates. EP-08-250BF-350 strain gauges produced by Vishay Micro-
Measurements were used. These gauges have a length of 0.25 in, a resistance of 350 
ohm, and a strain range of ± 20%. The same type of strain gauge was used to measure 
column flange strains at the ground level. These gauges were placed on the outside 
surface of the column flanges as shown in Figure 5.17(b). 
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To measure the force in the friction bolts, strain gauges were installed in each friction 
bolt of the WFDs in the south-end connections of the south-bay beams. BTM-6C 
strain gauges produced by Tokyo Sokki Kenkyujo Co. were used. These bolt gauges 
have a gauge length of 6 mm, and a resistance of 120 ohm. A 2 mm diameter hole 
(required for BTM-6C strain gauge installation) was drilled 2 in long from the bolt 
head as shown in Figure 5.18. A two-component adhesive supplied by the strain gauge 
manufacturer was injected into the hole, and the bolt gauge then placed into the bolt at 
the mid length of the hole as shown in Figure 5.18(a). After the adhesive cured for 12 
hours at room temperature (Figure 5.18(b)), the gauged bolt was cured in an upward 
position at 140
o 
C for 3 hours (Figure 5.18(c)) to complete the curing process. The 
gauged bolts were calibrated three times in tension (Figure 5.18(d)) up to 12 kips 
(approximately 56% of the nominal ultimate tensile strength) at two-kip intervals. A 
typical bolt calibration plot is shown in Figure 5.18(e).   
5.3.3. Whitewash 
To qualitatively observe yielding of the SC-MRF test frame, whitewash was painted 
on the beams and columns. Whitewash was painted on the beam over the region of 2.5 
times the beam depth from the beam ends, and painted on the column over the panel 
zone region and the region of 1.5 times the column depth above and below the panel 
zone. 
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5.3.4. Full Bridges 
As shown in Figure 5.19, each south-bay beam was instrumented with three full 
bridges: two to measure the bending moment and one to measure the axial force in the 
beam. Schematics of the full bridge geometry and wiring for bending moment and 
axial force are shown in Figure 5.19. EP-08-250BF-350 strain gauges were used for 
these full bridges. The full bridges measuring the beam axial forces (labeled as FBP in 
Figure 5.19) are 14 in from the beam midspan at the 1
st
 and 2
nd
 floors, and 37 in from 
the beam midspan at the 3
rd
 and 4
th
 floors. The full bridges measuring the beam 
bending moments (labeled as FBM in Figure 5.19) are 15 in from the beam midspan at 
the 1
st
 and 2
nd
 floors, and 38 in from the beam midspan at the 3
rd
 and 4
th
 floors. 
5.3.5. Displacement Transducers 
Eight temposonic displacement transducers produced by MTS were used to measure 
the floor horizontal displacements of the SC-MRF: four were used in the north bay 
(labeled as DTRN in Figure 5.20) and four in the south bay. Each temposonic 
displacement transducer was placed at the midspan of the beam as shown Figure 5.20. 
The two temposonic displacement transducers at the 1
st
 floor have a total range of 32 
in. The other six temposonic displacement transducers have a total range of 46 in. The 
temposonic displacement transducers were attached to the west bracing frame (as 
shown in Figure 5.21). 18 in x 1 in x 1/2in A36 steel bars were placed through a slot in 
the west loading beam and welded to the SC-MRF beam top flange to connect the 
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temposonic displacement transducer to the SC-MRF beams. The in-plane 
displacement of the bracing frame was checked and found to be negligible. 
As shown in Figure 5.20, linear variable differential transducers (LVDTs) were used 
to measure the displacement of the reaction points of the SC-MRF test frame relative 
to the laboratory strong floor. These LVDTs have a range of ±0.5 in. Each column 
base plate had two LVDTs to measure the vertical and horizontal relative 
displacements. Each ground link had one LVDT to measure the displacement (relative 
to the laboratory strong floor) of the clevis attached to the column. The ground link 
LVDT setup is shown in Figure 5.22.  
Thirty two 9600-Series Linear Motion Position Sensors (denoted as plastic slides in 
Figure 5.20) produced by BEI Duncan Electronics were used to measure gap opening 
of the beam-to-column connections of the SC-MRF test frame. The plastic slides have 
a total range of 1.5 in. Each connection had two plastic slides placed as shown in 
Figure 5.23 to measure the gap opening of each flange. 
5.3.6. Rotation Meters 
Figure 5.24 shows the locations of the rotation meters used on the SC-MRF test frame. 
The rotation meters had a rotation range of ±20 degrees and were positioned to 
measure rotations of selected cross sections of the beams and columns. 
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5.3.7. Sign Conventions 
As described earlier, load cells were installed to measure forces in the PT strands, 
ground links, and hydraulic actuators. When the ground links and the hydraulic 
actuators are in tension, their load cell measurements are positive. When the PT 
strands were in tension, their load cells are in compression, and these load cell 
measurements are positive.  
Full bridges in the south-bay beams measured beam axial forces and bending 
moments. Axial force full bridge measurements are positive when the beams are in 
tension. Bending moment full bridge measurements are positive when the beam top 
flange is in compression. 
Load pins were installed in the column base clevises to measure the reactions. As 
described previously, the reaction at each column clevis is the sum of the 
measurements of the two load pins within each pair. The pair of the load pins at the 
south column base clevises measured the vertical reaction RBA,v labeled in Figure 5.25. 
A downward RBA,V acting on the column, when the column is in tension, is positive. 
The pair of load pins at the center column base clevises measured the horizontal 
reaction RBB,h labeled in Figure 5.25. The pair of load pins at the south column base 
clevises measured the horizontal reaction RBC,h labeled in Figure 5.25. RBB,h and RBC,h 
acting on the column base in the north direction are positive. 
The measurements from the temposonic displacement transducers are positive when 
the floors displace to the north. The LVDT measurements of the clevises at the ground 
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links are positive when the ground links are in tension. The LVDT measurements of 
the column base plates are positive when the plates displace to the north horizontally 
or upward vertically. Each plastic slide measurement is positive when the gap is open 
at the beam-column interface of the SC-WFD connection. 
5.4. Test Matrix and Test Methods 
Table 5.1 lists the tests performed on the SC-MRF test frame. The tests included 
lateral stiffness tests, static cyclic push tests, and hybrid earthquake simulations. 
Stiffness tests were performed to determine the elastic lateral stiffness matrix k of the 
SC-MRF test frame. Cyclic static push tests were conducted to investigate the SC-
WFD connection M-r behavior of the test frame.  
Hybrid earthquake simulations were performed to investigate the performance of the 
0.6-scale version of the prototype SC-MRF building under different earthquake input 
levels. Three earthquake input levels were considered: (1) the frequently occurring 
earthquake (FOE), (2) the design basis earthquake (DBE), and (3) the maximum 
considered earthquake (MCE). In addition, two post-MCE aftershock (AF-1 and AF-
2) simulations were performed. Two FOE simulations were performed, FOE-1 and 
FOE-2. The intensity of FOE-1 was selected so that the beam-to-column connections 
in the SC-MRF test frame did not open. Four DBE (DBE-1, DBE-2, DBE-3, and 
DBE-4) and two MCE simulations (MCE-1 and MCE-2) were performed. The AF-1 
simulation was performed after the MCE-1 simulation, and the AF-2 simulation was 
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performed after the MCE-2 simulation. Both the AF-1 and AF-2 simulations used the 
same ground motion record as used in the DBE-2 simulation.  
The experiments also included PH and TU quasi-static push tests, where floor 
displacement profiles were imposed on the SC-MRF test frame. The PH test was 
conducted to study the beam buckling response under the MCE, while the TU test was 
conducted to validate the potential for PT strand yield and fracture. Results from the 
quasi-static tests and hybrid earthquake simulations are presented in the Chapter 6, 
while results from the PH and TU tests are presented in the Chapter 9. 
5.4.1. Elastic Stiffness Matrix Tests 
The elastic stiffness matrix k was determined for the SC-MRF test frame for the 
condition before gap opening occurs in the beam-to-column connections. k was 
estimated from the following test procedure: 
1. Four independent lateral displacement profiles are selected for the SC-MRF 
test frame. For each displacement profile, a displacement at each floor level is 
specified. The displacement amplitudes were selected so gap opening of the 
beam-to-column connections did not occur. Since the SC-MRF has four floor 
levels, each displacement profile is described by a 4x1 vector. The four 
displacement profiles form a 4x4 displacement matrix   as follows: 
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   [
                            
                            
                            
                            
] (5.1)  
Each column in U corresponds to one of the four independent displacement 
profiles. 
2. The displacement profiles are shown to be independent by the rank of U which 
should be equal to 4: 
 Rank ( ) = 4 (5.2)  
3. Each displacement profile is imposed on the SC-MRF test frame, and the 
corresponding lateral forces are measured by the actuator load cells. The lateral 
force matrix   is formed as follows: 
 
   
[
 
 
 
 
                             
                              
                              
                              ]
 
 
 
 
 (5.3)  
 Each column in F corresponds to the actuator forces at the four floor levels of 
the SC-MRF needed to impose the corresponding lateral displacement profile. 
4. The elastic stiffness matrix   is determined by the following: 
         (5.4)  
Since Rank ( ) = 4,   can be inverted. 
The above procedure was used twice with displacements imposed in the north and the 
south directions. The average of the two results was taken to be k of the SC-MRF test 
frame. The results of the stiffness matrix tests are presented in Chapter 6. 
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5.4.2. Cyclic Static Push Tests 
The displacement histories shown in Figure 5.26 were used for the cyclic static push 
tests. The displacement varied linearly over the height of the test frame, with a 
maximum displacement of 4 in at the 4
th
 floor. The displacement histories in Figure 
5.26 are the north-bay displacements, which are measured by the temposonic 
displacement transducers labeled DTRN in Figure 5.20. 
5.4.3. Hybrid Earthquake Simulations 
As mentioned in the Chapter 4, the earthquake simulations were conducted using the 
hybrid earthquake simulation method. For the hybrid simulations, the tests were 
performed at a slow pace (about 20000 times slower than real-time). This was deemed 
to be acceptable since the response of the experimental substructure was not load-rate 
dependent. In the hybrid simulation method, an experimental substructure and an 
analytical substructure were used to simulate the complete building. Taking advantage 
of the symmetry of the building plan, only one quarter of the building in plan (Figure 
5.27(a)) was included in the hybrid simulations. As shown in Figure 5.27(b), the 0.6-
scale SC-MRF was modeled in the laboratory by the experimental substructure, while 
the remaining one-quarter building was modeled at 0.6 scale by the analytical 
substructure. The experimental substructure (i.e., SC-MRF test frame) and analytical 
substructure together are termed SC-MRF test structure. The analytical substructure 
includes a continuous lean-on column with a pin support at the ground level as shown 
in Figure 5.27(b). The lateral stiffness of the gravity columns (including P- effects of 
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the gravity loads) were modeled by the lean-on column. In addition, the seismic mass 
tributary to the prototype SC-MRF and the inherent viscous damping of the building 
were incorporated in the analytical substructure. 
The time history response of the SC-MRF test structure is governed by the following 
equations of motion: 
    ( )     ( )   ( )   ( ) (5.5) f 
where m is the mass matrix defined in the analytical substructure, c is the damping 
matrix defined in the analytical substructure, a(t) and v(t) are the acceleration and 
velocity vectors, respectively, and r(t) and p(t) are the restoring force and input 
excitation vectors, respectively. The mass and damping matrices used in the hybrid 
simulation are given in Table 5.2 and Table 5.3, respectively. The mass matrix (Table 
5.2) was obtained by scaling the tributary seismic mass of the prototype building using 
the mass scale (1/2 as listed in Table 4.1). The damping matrix was a Rayleigh 
proportional damping matrix with assumed damping ratios of 2% and 5% in the 1
st
 
and 3
rd
 modes, respectively. The resulting damping ratio in the 2
nd
 mode is 2.8%. The 
2% damping ratio was specified for the 1
st
 mode so that excessive damping in the 1
st
 
and 2
nd
 modes would not artificially reduce the seismic response of the SC-MRF test 
structure. The SC-MRF test structure damping matrix (Table 5.3) was not exactly 
symmetric because the experimentally determined SC-MRF test frame elastic stiffness 
matrix k was not exactly symmetric. To account for the P- effects, the gravity loads 
(listed in Table 5.4) were applied to the analytical substructure. These gravity loads 
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represent the tributary gravity loads braced by the SC-MRF test frame excluding the 
actual self-weight of the SC-MRF test frame.  
Under earthquake loading, the input excitation vector p(t) is defined as follows: 
 p(t)= m i ag(t)
 
(5.6) ) 
where ag (t) is the time-varying input ground acceleration, and i is an influence vector 
that has coefficients equal to 1.0. 
The CR integration algorithm, which is an unconditionally stable explicit integration 
algorithm developed by Chen and Ricles (2009), was used in the hybrid simulations to 
solve the equations of motion to determine the seismic response of the SC-MRF 
building. The implementation of the hybrid simulation method using the CR algorithm 
is illustrated in Figure 5.28. The initial conditions are assumed to be at rest. The 
velocity at time step i+1 (    ) and the displacement vector at time step i+1 (    ) are 
calculated from the CR algorithm as: 
                  (5.7)  
 
                
        (5.8) ) 
where    = 0.0155 sec was the time step used in the earthquake hybrid simulations. 
This value is equal to the time step of the acceleration time history of the input ground 
motions multiplied by the time scale factor (1/2 as listed in Table 4.1). 1 and 2 are 
matrices of integration constants, and are determined as follows: 
 
       [           
   ]  m (5.9) ) 
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The displacement vector di+1 is imposed to the SC-MRF test frame in a series of 
substeps. In each substep, the actuator command displacement vector at time step i+1 
(    
 ) is imposed on the SC-MRF test frame by the hydraulic actuators: 
     
 
 =      (    - 
  ) (5.10)  
where d
m
 is the measured displacement vector from the measurements made using the 
north-bay temposonic displacement transducers (i.e., DTRN4, DTRN3, DTRN2, and 
DTRN1). The north-bay floor displacements of the SC-MRF test frame were the 
degree of freedoms (DOFs) in the hybrid simulations. Average measurements from 
those transducers were used to mitigate noise in the displacement data. The average of 
the most recent 50 measurements from data taken at a 300Hz sampling rate was used. 
   is a factor used to prevent the displacements imposed on the experimental 
substructure from overshooting the target displacement (i.e., di+1) at each time step. A 
value of   = 0.15 was used in the hybrid simulations.     
  is imposed in each substep 
until the difference between di+1 and d
m
 is smaller than a specified displacement 
tolerance vector dtol: 
 -dtol < di+1- d
m
 < dtol (5.11)  
In the earthquake hybrid simulations, a value of 0.002 in is used for each coefficient in 
dtol to account for noise and the resolution of the temposonic displacement 
transducers. 
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The restoring force of the building at time step i+1 is the sum of the measured 
restoring force vector of the experimental substructure,     
 , and the calculated 
restoring force vector of the analytical substructure,     
 : 
           
      
  (5.12) ) 
    
  is obtained from the actuator load cell measurements. Since the analytical 
substructure is linear,     
  is obtained from the analytical substructure as follows: 
     
   (   
    
 )     (5.13) ) 
where    
  and   
  are the elastic stiffness matrix and the geometric stiffness matrix of 
the analytical substructure, respectively, and      is equal to the measured 
displacement vector d
m
. The gravity loads from the gravity load frames are used to 
define   
 , and the lateral stiffness of the gravity frame is used to define    
 . Table 5.5 
and Table 5.6 list the    
  and   
  matrices, respectively, used in the earthquake hybrid 
simulations. The acceleration at time step i+1 (    ) is calculated as: 
      = 
  (                 ) (5.14) ) 
5.5. Ground Motions for Hybrid Simulations 
The ground motion records for the hybrid simulations were selected and scaled using 
the procedure presented by Seo et al. (2012). Initially, the ground motion records were 
selected as pairs of horizontal acceleration components from a ground motion 
database. The two horizontal components of the ground motion are scaled so that the 
geometric mean of the two spectral accelerations Sa for the two components is equal to 
the Sa value from the uniform hazard spectrum (UHS) for the building site. This 
 144 
scaling was based on Sa values at 1.5 sec (close to the prototype building fundamental 
period, 1.51 sec, mentioned in Chapter 3). The UHS was obtained using Open Seismic 
Hazard Analysis (OpenSHA) with the following specified options: longitude= -
118.47
o
, latitude= 34.22
o
, the Chiou and Youngs (2006) Intensity Measure 
Relationship (IMR), an average shear wave velocity of 370 m/sec, the USGS 2002 
earthquake rupture forecast, and the Frankel fault model. A 10% and a 2% probability 
of exceedence in 50 years were assigned in OpenSHA to generate the DBE-level and 
MCE-level UHS, respectively. 
The ground motion sets for the prototype building and the SC-MRF test structure are 
the same; however, the time axis of the ground motions for the SC-MRF test structure 
is scaled by the time scale factor ( 1/2 as listed in Table 4.1). The ground motion 
records used in the hybrid simulations are listed in Table 5.1. Figure 5.29 shows 
pseudo-acceleration spectra of the DBE records, the DBE design spectrum (per ASCE 
7 (2005), denoted as ASCE7-05 in the figure), and the DBE-level UHS. The time scale 
 1/2 is applied to the ground motion records and to the design and the UHS spectra. 
Note that the spectra for the records are close to the UHS value at 1.16 sec, which is 
the scaled period corresponding to the full-scale period of 1.5 sec. It should be noted 
that the DBE-4 ground motion was not from the ground motion selected by Seo et al. 
(2012), This record was record used by Herrera (2005) for a large-scale experimental 
program on a steel MRF, and the spectrum for DBE-4 is well above the UHS at 1.16 
sec. Figure 5.30 shows the DBE design spectrum (per ASCE 7 (2005)) and pseudo-
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acceleration spectra of the FOE records. The spectra for FOE-1 and FOE-2 are far 
below than the DBE design spectrum. The FOE-1 and FOE-2 simulations used the 
same ground motion record, but the intensity scale factor (Table 5.1) for FOE-2 was 
twice that for FOE-1. Pseudo-acceleration spectra for the MCE-1 and MCE-2 records 
are compared with 1.5 times the ASCE7 (2005) design spectrum and the MCE-level 
UHS in Figure 5.31.  
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Table 5.1 Test matrix 
Tests Description 
Ground Motion 
Record 
Scale Factor 
Test 
Method 
Stiffness 
Stiffness matrix 
determination 
-- -- Static 
Cyclic 
Static Push 
SC-WFD connection 
behavior check 
-- -- 
Quasi-
static 
FOE-1 1979 Imperial Valley H-CXO225 -0.700 
H
y
b
ri
d
 S
im
u
la
ti
o
n
 
FOE-2 1979 Imperial Valley H-CXO225 -1.410 
FOE-2A 1979 Imperial Valley H-CXO225 -1.410 
DBE-1 1979 Imperial Valley H-ECC002 0.943 
DBE-2 1989 Loma Prieta SJTE315 -2.234 
DBE-3 1994 Northridge LOS000 1.182 
DBE-4 1994 Northridge CNP196 1.275 
MCE-1 1994 Northridge 5082-235 2.744 
AF-2 1989 Loma Prieta SJTE315 -2.234 
MCE-2 1994 Northridge STM090 2.071 
AF-1 1989 Loma Prieta SJTE315 -2.234 
PH 
Beam flange buckling 
evaluation 
-- -- 
Quasi-
static 
TU 
PT strand strength 
evaluation 
-- -- 
Quasi-
static 
 
 
 
 
 
 
Table 5.2 Scaled mass matrix for one-quarter building 
Floor 1
st
  2
nd
  3
rd
  4
th
  
1
st
  0.977 0 0 0 
2
nd
  0 0.971 0 0 
3
rd
  0 0 0.971 0 
4
th
  0 0 0 1.056 
Note: units are kip-sec
2
/in 
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Table 5.3 Scaled damping matrix for one-quarter building 
Floor 1
st
  2
nd
  3
rd
  4
th
  
1
st
  3.328 -2.450 0.655 -0.095 
2
nd
  -2.406 4.086 -2.503 0.511 
3
rd
  0.616 -2.47 3.334 -1.283 
4
th
  -0.069 0.478 -1.263 0.966 
Note: units are kip-sec/in 
 
 
 
Table 5.4 Scaled lean-on column gravity loads 
Floor P (kips) 
1
st
 405.5 
2
nd
 405.8 
3
rd
 406.2 
4
th
 393.3 
 
 
Table 5.5 Elastic stiffness matrix for analytical substructure 
Floor 1
st
 2
nd
 3
rd
 4
th
 
1
st
 321 -279 115 -19 
2
nd
 -279 411 -287 80 
3
rd
 115 -287 307 -116 
4
th
 -19 80 -116 52 
Note: Units are kip/in 
 
 
 
 
Table 5.6 Geometric stiffness matrix for analytical substructure 
Floor 1
st
 2
nd
 3
rd
 4
th
 
1
st
 -28 13 0 0 
2
nd
 13 -22 9 0 
3
rd
 0 9 -13 4 
4
th
 0 0 4 -4 
Note: Units are kip/in 
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Figure 5.1 Overall test setup. 
 
 
Figure 5.2 Schematic of the SC-MRF test frame with lateral loading system and 
reaction fixtures. 
4
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1
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Figure 5.3 Wall fixture for hydraulic actuators. 
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Figure 5.4 Anchor plate detail for hydraulic actuators. 
 
 
Figure 5.5 Adaptor beam for the 1
st
 floor. 
 
Sec. A-A 
 Sec. B-B 
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Figure 5.6 Adaptor beam for the 2
nd
 , 3
rd
 , and 4
th
 floors.  
 
 
 
 
Figure 5.7 Loading beam system detail.  
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Figure 5.8 Bracing frame (Herrera 2005). 
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Figure 5.9 The SC-MRF test frame placed in between the bracing frames. 
 154 
 
Figure 5.10 Bracing of loading beams by bracing frames. 
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Figure 5.11 Bracing of SC-MRF test frame beam by loading beams. 
Slip surface Slip surface 
 156 
 
Figure 5.12 Bracing of SC-MRF test frame column by loading beams. 
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Figure 5.13 SC-MRF test frame elevation with out-of-plane bracing points. 
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Figure 5.14 Column base and clevis detail (Herrera 2005). 
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Figure 5.15 Load cell locations on the SC-MRF test frame. 
 
 
Figure 5.16 PT load cell locations. 
LCT: PT load cell. 
LCC: ground link load cell. 
LCP: column base clevis 
load cell.  
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Figure 5.17 Strain gauge locations on the SC-MRF test frame: (a) overall and (b) 
close-up details. 
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Figure 5.18 (a) Bolt gauge detail, (b) gauged bolts, (c) curing in oven, and (e) typical 
calibration plot for a gauged 0.5-in diameter A490 bolt. 
y = 2.74x
0
2
4
6
8
10
12
14
0 1 2 3 4 5
F
o
rc
e 
(k
ip
s)
Output (mV)
(a) 
(b) 
(d) (e) 
(c) 
2mm-diameter drilled hole 
A490 
1-3/16” 
2” +0 
-1/8 
Bolt gauge 
 162 
 
                           
  
Figure 5.19 (a) Full bridge locations in SC-MRF test frame, (b) typical strain gauge 
layout of FBM full bridge, and (c) typical strain gauge layout of FBP full bridge. 
(b) (c) 
(a) 
FBP  = full bridge for axial force. 
FBM = full bridge for bending 
moment. 
Veiw F-F 
View F-F 
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Figure 5.20 Displacement transducer locations on SC-MRF test frame. 
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Figure 5.21 Typical setup of temposonic displacement transducers: (a) detail and (b) 
photograph. 
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Figure 5.22 Ground link LVDT setup. 
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Figure 5.23 Plastic slides: (a) detail and (b) photograph.   
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Figure 5.24 Rotation meter locations on the SC-MRF test frame. 
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Figure 5.25 Sign convention for reactions at column base clevises of SC-MRF test 
frame. 
 
 
Figure 5.26 Displacement histories for static cyclic push tests 
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Figure 5.27 (a) Prototype building plan and (b) experimental and analytical 
substructures for hybrid earthquake simulations. 
(a) 
(b) 
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Figure 5.28 Implementation of hybrid simulation method using CR integration 
algorithm. 
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Figure 5.29 Pseudo-acceleration spectra for ground motions for DBE simulations. 
 
 
 
Figure 5.30 Pseudo-acceleration spectra for the ground motions for FOE simulations. 
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Figure 5.31 Pseudo-acceleration spectra for the ground motions for MCE simulations. 
Scaled prototype T1 
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Chapter 6  
Experimental Results 
6.1. Introduction 
This chapter describes the experimental response of the 0.6-scale SC-MRF test 
structure. The SC-MRF test frame elastic stiffness was evaluated in the first phase of 
the experimental program. Connection behavior was evaluated in the second phase of 
the experimental program. Hybrid earthquake simulations for ground motions with 
various intensities (including FOEs, DBEs, MCEs, and aftershocks) were the third 
phase. The SC-MRF system response is described in terms of specific structural 
response quantities which will be used to assess the performance objectives 
established in Chapter 3. Photographs pertinent to physical observations are presented 
in this chapter. The test results from stiffness tests, static cyclic push tests, and hybrid 
earthquake simulations are also provided in this chapter. The assessment of the 
seismic performance of the SC-MRF test structure will be presented in Chapter 7. 
6.2. Elastic Stiffness Matrix and Connection Behavior Cyclic Static Push Tests 
6.2.1. Test Frame Construction Condition Cases 
The SC-MRF test frame elastic stiffness matrix and SC-WFD connection M-r 
behavior were investigated for various test frame construction conditions. Changes 
were made to the construction conditions for the purpose of improving the beam 
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flange contact conditions at the beam-to-column interfaces. The changes included 
adding bearing stiffeners in the panel zones of the center column, and adding thin shim 
stock (0.003 in and 0.008 in steel plates) in the region of contact between the beam 
flanges and the column shim plates. 
Table 6.1 lists the cases that were studied. Case I represents the initial condition of the 
test frame as fabricated and erected. The test frame was designed and fabricated with 
without panel zone bearing stiffeners in the center column, since they were not 
required by calculations. For Case II, panel zone bearing stiffeners were added to the 
center column panel zones. For Case III, the thin shim stock was inserted into the gap 
between the column flanges and shim plates (Figure 6.1(a) and (b)). Epoxy was used 
to hold the thin shim stock in place as shown in Figure 6.1(c). For Case IV, the “soft” 
initial M-r stiffness of the connection at the 3
rd
 floor, south bay, north end (denoted as 
3FSN) observed in the earlier cases was improved by grinding the beam flange contact 
surfaces of the column flange shim plates at the 3FSN connection until each beam 
flange (at least 4/5 of the beam flange width, especially near the beam web) was fully 
in contact with the column flange shim plate. For Case V, thin shim stock was inserted 
in the interfaces between the column flange shim plate and the beam bottom flange at 
the 3FSN connection (see Figure 6.2). Epoxy was used to hold the thin shim stock in 
place. 
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6.2.2. Elastic Stiffness Matrix Evaluation 
Tests ST-A, ST-B, and ST-C, as listed in Table 6.1 were performed to evaluate the 
elastic stiffness matrix of the SC-MRF test frame for Cases I, II, and V of the 
construction conditions. Results from these tests are listed in Table 6.2. By comparing 
the diagonal coefficients of the stiffness matrices from tests ST-A and ST-B, it can be 
observed that the center column panel zone bearing stiffeners make the test frame 
stiffer, especially at the 1
st
, 2
nd
, and 3
rd
 floors. Figure 6.3 shows the center column in 
Case I. The center column flanges in the panel zone regions were not flat due to 
shrinkage of the welds used to attach the web doubler plates.  Figure 6.4 shows the 
south column with panel zone bearing stiffeners. This column did not have significant 
out-of-flatness of the column flanges. Tapered shim plates were used for the center 
column to provide better beam flange contact surfaces. Based on the diagonal 
coefficients of the stiffness matrices from ST-A and ST-B, the center column panel 
zone bearing stiffeners increased the test frame elastic stiffness up to 7%. There was, 
however, no significant change for the diagonal coefficients for the 4
th
 floor. The 
stiffness matrices from ST-B and ST-C show the 3
rd
 floor diagonal coefficients 
increased about 4% by improving the beam flange contact condition of the 3FSN 
connection. From an eigenvalue analysis, the natural periods of the SC-MRF test 
structure can be determined using the mass matrix (Table 5.2) and the stiffness matrix 
equal to the summation of the analytical substructure elastic stiffness matrix (Table 
5.5), the analytical substructure geometric matrix (Table 5.6) and the test frame 
stiffness matrix from ST-A, ST-B, or ST-C. The natural periods of the SC-MRF test 
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structure corresponding to tests ST-A, ST-B, and ST-C are listed in Table 6.3. The 
natural periods decrease slightly as the SC-MRF test frame stiffness matrix changes. 
The difference in the first mode periods from ST-A to ST-C is negligible. 
6.2.3. SC Connection Moment-Rotation Behavior 
Cyclic push tests to observe the connection M-r behavior are listed in Table 6.1, 
where tests CB-1, CB-2, CB-3, and CB-4 were performed to evaluate connection 
behavior for the Case II, III, IV, and V construction conditions, respectively. The 
3FSN connection -     responses for the top and bottom beam flanges from the CB-
1 test are illustrated in Figure 6.5.      is the relative distance between the beam 
flange and the column face measured by a plastic slide. Figure 6.5 shows that when 
one of the beam flanges is not in contact with its corresponding column flange shim 
plate (i.e.,       ), the other flange, which was in contact with its shim plate, had a 
negative     . The negative       for the in-contact beam flange indicates that contact 
flexibility existed between the beam flange and the column face.  
The M-r response of the 3FSN connection from the CB-1 test is shown in Figure 
6.6(a). The low stiffness near r=0 is noteworthy. Thin shim stock was inserted in the 
gap between column flanges and shim plates (i.e., behind the shim plates) as discussed 
previously. The M-r response of the 3FSN connection from the CB-2 test is shown in 
Figure 6.6(b). Figure 6.7(a) compares the M-r response of the CB-1 and CB-2 tests, 
where no improvement is noted. The M-r response of the 3FSN connection from the 
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test CB-3 is illustrated in Figure 6.6(c). The comparison in Figure 6.7(b) shows the M-
r response was improved by grinding the shim plates (as described earlier for Case 
IV). The M-r initial stiffness values for the 3FSN connection from the CB-2 and CB-
3 tests are listed in Table 6.4, The table shows the initial stiffness in the positive and 
negative rotation directions (   
  and    
 , respectively) increased significantly from 
CB-2 to CB-3 as a result of grinding to improve the beam flange contact. The    
  and 
   
  values, however, were not the same. After adding thin shim stock between the 
beam bottom flange and the column flange shim plate as described earlier (Case V), 
the result from CB-4 is compared to that from CB-3 in Figure 6.7(c) and Table 6.4. the 
results show that     
  was further improved, and the    
  and    
  values from the CB-4 
test are close to each other. Comparing the results from the CB-2 and CB-4 tests in 
Figure 6.7(d) and Table 6.4, shows that    
  and     
  from the CB-4 test are three 
times those from the CB-2 test. 
The    
 value increases significantly from CB-2 to CB-3 (Table 6.4). This increase is 
due to the improvement of the contact surface for the beam top flange at the 3FSN. 
Before the CB-2 test, the gap between the beam top flange and the corresponding 
column flange shim plate was measured as illustrated in Figure 6.8. The largest gap is 
0.021 in from one edge of the beam flange. The beam flange was fully in contact with 
the shim plate over 40% of the beam flange width from the other edge of the beam 
flange. After improving the beam flange contact surface, 80% of the beam flange 
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width was fully in contact with the column flange shim plate. As a result,    
 value in 
CB-3 increased significantly. This result shows a contact surface of 80% of the beam 
flange width near the web produce a stiff initial M-r stiffness. A gap of 0.016 in 
within this region of 80% of beam flange width will lead to a soft initial M-r 
stiffness. 
6.2.4. Need for Panel Zone Bearing stiffeners 
Although the test results did not show any significant change in SC-MRF stiffness 
from adding bearing stiffeners to the center column panel zones, bearing stiffeners in 
all panel zones are recommended, even if they are not required by the panel zone 
design calculations, because the panel zone bearing stiffeners can be used to eliminate 
out-of-plane deformation (i.e., out-of-plane flatness) of the column flanges due to 
shrinkage of the web doubler plate welds. As a result, the beam flanges will have 
better contact with the column flanges resulting in less contact flexibility. 
6.2.5. Initial Beam Axial Forces 
Before the first hybrid earthquake simulation, it was noted that the measured total 
initial PT strand force (To,m) was not equal to the measured initial beam axial force 
(Po,m). The initial force differences before each hybrid earthquake simulation are  
shown in Table 6.5. Typically, To,m is smaller than Po,m at the 4
th
 floor; To,m is larger 
than Po,m at the 3
rd
, 2
nd
, and 1
st
 floors. |Po,m |-|To,m| ranges from 3% to 14% of |To,m|. 
The sum of the difference (|Po,m |-|To,m|) over the four floors is around 40 kips (Table 
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6.5). From static equilibrium, it is apparent that this force is carried by the columns in 
shear. 40 kips is approximate 20% of the nominal column shear yield capacity (196 
kips). The difference (|Po,m |-|To,m|) can be caused by initial crookedness of the SC-
MRF columns, length errors in the beams, or differential shortening of the beams. For 
example, if the beam at the 4
th
 floor is longer than the beams at the lower floors, then 
the beam at the 4
th
 floor would carry more axial force (from shear in the column), 
leading to the case of |Po,m |>|To,m|. 
6.3. Hybrid Earthquake Simulations 
6.3.1. Test Frame Conditions 
The SC-MRF test frame construction conditions in the FOE-1 simulation 
corresponded to Case I described earlier. The test frame construction conditions in the 
FOE-2, FOE-2A, and all DBE and MCE simulations corresponded to Case V. 
6.3.2. FOE Simulations 
Results from simulation FOE-1, FOE-2A, and FOE-2 are presented in this section. 
During the FOE-2A simulation, the north-bay temposonic displacement transducers 
measuring the floor displacements had significant noise, which introduced higher 
mode responses into the test frame in the hybrid simulations. Noise in the temposonic 
displacement data was mitigated by averaging the most recent 50 data points acquired 
at a 300Hz sampling rate at the end of an imposed displacement substep (after 
imposing     
 ). Using this noise mitigation method, the FOE-2 simulation was 
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conducted with the same ground motion record (listed in Table 5.1) that was used for 
the FOE-2A simulation. 
6.3.2.1. FOE-1 
The floor displacements time histories from the FOE-1 simulation are shown in Figure 
6.9. Positive floor displacements are in the north direction. PT forces time histories are 
shown in Figure 6.10. The PT force at the 4
th
 and 3
rd
 floors increased due to gap 
opening in the SC connections. After the simulation, it was found that the plastic 
slides measuring the connection r were not properly attached to the SC-MRF test 
frame. Hence, connection M-r and PT force vs. r results are not presented here.  
The ground link responses from the FOE-1 simulation are shown in Figure 6.11. The 
south link had a linear response. A small slip occurred in the clevises of the north 
ground link in compression as shown in Figure 6.11(b). The south ground link 
stiffness was 2325 kip/in. The north ground link stiffness was 2132 kip/in, neglecting 
the slip. At the beginning of the FOE-1 simulation, |Po,m |>|To,m| at the 4
th
 floor and 
|To,m|>|Po,m | at the lower floors. 
6.3.2.2. FOE-2 and FOE-2A 
The floor displacement time histories from the FOE-2 simulation are shown in Figure 
6.12. A comparison of the floor displacements between the FOE-2 and FOE-2A 
simulations is shown in Figure 6.13. From 0 to 3 sec, when the floor displacements 
were small, the higher mode response from the noise in the FOE-2A displacement data 
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can be easily observed. The higher mode responses in the FOE-2A simulation were 
eliminated in the FOE-2 simulation by mitigating the noise in the displacement data.  
Connection M-r responses from the FOE-2 simulation are shown in Figure 6.14. 
4FSS and 4FSN indicate the connections at the south end and north end of the 4
th
 floor 
beam in the south bay, respectively. Similarly, 3FSS and 3FSN, 2FSS and 2FSN, and 
1FSS and 1FSN are at the 3
rd
, 2
nd
, and 1
st
 floors, respectively.  
The ground link responses from the FOE-2 simulation are shown in Figure 6.15. 
Figure 6.15(b) shows the small slip that occurred in the north ground link clevises. As 
shown in Table 6.5, at the beginning of the FOE-2 simulation, |Po,m|>|To,m| at the 4
th
 
floor and |To,m|>|Po,m| at the lower floors, similar to the results for the FOE-1 
simulation. 
6.3.3. DBE Simulations 
6.3.3.1. DBE-1 
The floor displacements time histories from the DBE-1 simulation are shown in Figure 
6.16(a), where the residual floor displacements are almost zero. Figure 6.17(a) shows 
story drift time histories from the DBE-1 simulation. The story drifts were obtained by 
dividing the relative floor displacement of each story by the story height. The residual 
story drifts are listed in Table 6.6, and the maximum residual story drift is 0.047% rad. 
The roof drift was obtained by dividing the 4
th
 floor displacement by the SC-MRF test 
frame height above the ground level. Table 6.7 shows the maximum roof drift 
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rf,max=1.37% rad, and the largest maximum story drift s,max=1.8% rad in the 4F story. 
Table 6.7 also shows the maximum average connection rotation of each floor (     ). 
The largest      =1.3% rad in the 3
rd
 and 4
th
 floors, the largest maximum PT force 
(Tmax) is 50% of Tu,n. The largest loss of PT force after the simulation (T) is 0.1% of 
Tu,n, where T is the difference between the PT force before the simulation (Ti) and 
the PT force after the simulation (Tend). C,max=s,max/rf,max and Crs,max==r,max/s,max 
are also listed in Table 6.7. The largest C,max=1.31 at the 4
th
 floor, and the largest 
Crs,max=1.00 at the 1
st
 floor, respectively.  
Connection M-r responses are shown in Figure 6.18, and the PT force versus the 
average r (i.e.,   ) for each floor is shown in Figure 6.19.    for each floor is the 
average of the absolute values of the r values for the four connections at each floor. 
   is assigned a sign based on the floor displacement. A positive    indicates the floor 
has a positive displacement.  
The experimental βE (denoted βE,exp) is compared with the design value for βE,des (as 
described in Chapter 3) for each floor in Table 6.7. βE,exp is calculated from the 
integrated area of the loop with the maximum positive r in the experimental M-r 
response of the south-end connection of the south-bay beam (denoted SS connection). 
βE,exp equals this area divided by 2MIGO,th (r,max,loop -r,IGO,th,loop), where MIGO,th is the 
theoretical MIGO, r,max,loop is the maximum r in the loop and r,IGO,th,loop is the r value 
corresponding to MIGO,th on the loading branch of the loop. MIGO,th is computed from 
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Eq. (3.5) using measured To, d2, and r, as well as the design value for Ff. The design 
value for Ff is computed from Eq. (3.2) using Nb=12 kips (i.e., the minimum pre-
tension of the friction bolts). βE,exp is close to βE,des with a difference of ±8% of βE,des. 
Preliminary calculations showed that the calculated βE,exp varies for hysteresis loops 
with different maximum values of  r , but the variation is about 6% of βE,des. 
The typical experimental connection M-r response is shown in Figure 6.20. This 
response is different from the conceptual behavior described in Chapter 3. The 
response observed from the SC-MRF test frame results is explained as follows: 
 Event 0+: r=0 but the initial M 0 because the top and bottom beam flange 
contact forces due to To are not the same and a friction force exists in the WFD 
from previous tests on the SC-MRF test frame; however, this nonzero moment 
is quite small. 
 Event 0+ to event 1: when the connection moment increases, r increases 
immediately due to flexibility at the beam flange contact surfaces as observed 
from the cyclic static push tests. 
 Event 1: the moment at this event corresponds to the decompression moment 
Md as defined in Chapter 3. 
 Event 1 to event 2: the connection M-r stiffness softens because of elastic 
deformation of the friction channels before the WFD slips relative to the beam 
web. 
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 Event 2: the WFD starts to slip, and the connection moment corresponds to the 
imminent gap opening moment MIGO described in Chapter 3. 
 Event 2 to event 3: the moment increases as r increases. 
 Event 3 to event 5: the moment decreases 2MFf as expected, but r does not 
remain constant because of elastic deformation of the friction channels. The 
connection M-r stiffness here is similar to the stiffness from event 1 to event 
2. 
 Event 5 to event 6:  the moment decreases as r decreases. 
 Event 6 to event 7: similar to event 0+ to 1, the beam flange contact flexibility 
affects the response. 
 Event 7: the moment here is the same as the moment at event 0+, but r does 
not return to zero; because the direction of Ff in the WFD and the magnitude of 
the beam flange contact force are not the same as at event 0
+
, the elastic 
deformation of the friction channels and the deformation at the beam flange 
contact points are different than at event 0
+
. 
 Event 7 to event 0- : r returns to zero as an additional moment develops in the 
connection. 
 Event 0- : the connection moment is nonzero due to the reasons given for event 
0
+
. 
No yielding in the SC-MRF was detected during the DBE-1 simulation. Table 6.9 lists 
maximum beam flange strains at the end of the beam reinforcing plates (rp,max), 
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normalized by y. The largest rp,max=0.75y was measured in the north-bay 4F beam  
bottom flange at the end of the reinforcing plate. Yielding in the panel zones and in the 
beam webs near the flange was not observed (from whitewash) during the DBE-1 
simulation. The ground link responses from the DBE-1 simulation are shown in Figure 
6.21. Figure 6.21(b) shows the small slip in the north ground link clevises. Table 6.5 
shows at the beginning of the DBE-1, |Po,m|>|To,m| at the 4
th
 floor and |To,m|>|Po,m| at the 
lower floors. 
6.3.3.2. DBE-2 
The floor displacement time histories from the DBE-2 simulation are shown in Figure 
6.16(b), where the residual floor displacements are very small. Figure 6.17(b) shows 
story drift time histories from the DBE-2 simulation. The residual story drifts are 
small. The maximum residual story drift from DBE-2 (Table 6.6) is 0.061% rad. Table 
6.7 shows rf,max=1.68% rad, and the largest s,max=2.9% rad in the 4
th
 story. The 
largest      =2.7% rad at the 4
th
 floor. The largest Tmax=0.6Tu.n, and the largest 
T=0.005Tu,n at the 4
th
 floor. The largest C,max=1.7 at the 4
th
 floor, and the largest 
Crs,max=1.0. Connection M-r responses are shown in Figure 6.22, and the PT force 
versus the average r for each floor is shown in Figure 6.23. E,exp in Table 6.7 is  
close to E,des with a difference of ±9% of E,des. 
No yielding in the SC-MRF was detected during the DBE-2 simulation. The largest 
rp,max=0.85y was measured at the north end of the north-bay 4
th
 floor beam. The 
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typical rp time histories of the north-bay 4
th
 floor beam are shown in Figure 6.24. 
Yielding in the panel zones and in the beam webs near the flange was not observed 
(from whitewash) during the DBE-2 simulation. The ground link responses from the 
DBE-2 simulation are shown in Figure 6.25. Figure 6.25(b) shows the small slip in the 
north ground link clevises. Table 6.5 shows |Po,m|>|To,m| at the 4
th
 floor and |To,m|>|Po,m| 
at the lower floors at the beginning of the DBE-2 simulation. The difference between 
|Po,m| and |To,m| is similar to that for earlier simulations. 
6.3.3.3. DBE-3 
The floor displacement time histories from the DBE-3 simulation are shown in Figure 
6.16(c). Small residual floor displacements are observed. Figure 6.17(c) shows story 
drift time histories from the DBE-3 simulation. The residual story drifts are very 
small. The maximum residual story drift (Table 6.6) is 0.074% rad. Table 6.7 shows 
rf,max=2.83% rad, and the largest s,max=3.9% rad in the 4
th
 story. The largest 
     =3.8% rad at the 4
th
 floor. The largest Tmax=0.65Tu,n, and the largest 
T=0.013Tu,n at the 4
th
 floor. The largest C,max=1.4 at the 4
th
 floor, and the largest 
Crs,max=1.19.  
Connection M-r responses are shown in Figure 6.26. The connection M-r response 
shows typically that the stiffness differs in the positive and negative moment 
directions due to the inertial force Fx acting on the north-bay beam. As discussed in 
Section 4.9, when the test frame is loaded to the north by the floor diaphragm, a 
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tension axial force is imposed on the south-bay beam. When test frame is loaded to the 
south, a compression axial force is imposed on the south-bay beam. Therefore, the 
axial force P in the south bay is different for the north and south loading directions. As 
shown in Table 6.7, E,exp is close to E,des with a difference of ±8% of E,des. The PT 
force versus    for each floor is shown in Figure 6.27. Table 6.5 shows |Po,m|>|To,m| at 
the 4
th
 floor and |To,m|>|Po,m| at the lower floors at the beginning of the DBE-3 
simulation. 
The largest rp,max=0.91y (Table 6.9) was measured at the north end of the north-bay 
4
th
 floor beam. The typical rp time histories are shown in Figure 6.28. Yielding in the 
panel zones and in the beam webs near the flange was not observed (from whitewash) 
during the DBE-3 simulation. Yielding was detected in all column flanges at the 
ground level. Figure 6.29 shows the strain time histories of the flanges of the north 
column at the ground level. The maximum column flange strain was -7.04y in the 
north flange of the north column. This column base yielding caused the maximum 
residual story drift from DBE-3 to be slightly larger than that from DBE-2. The 
ground link responses from the DBE-3 simulation are shown in Figure 6.30.  
6.3.3.4. DBE-4 
The floor displacement time histories from the DBE-4 simulation are shown in Figure 
6.16(d). Small residual floor displacements are observed. Figure 6.17(d) shows story 
drift time histories from the DBE-4 simulation. The residual story drifts are small. The 
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maximum residual story drift from DBE-4 in Table 6.6 is 0.075% rad. Table 6.7 
shows rf,max=3.51% rad, and the largest s,max=4.9% rad in the 4
th
 story. The largest 
     =4.4% rad at the 4
th
 floor. The largest Tmax=0.68Tu,n, and the largest 
T=0.012Tu,n at the 4
th
 floor. The largest C,max=1.4 at the 4
th
 floor, and the largest 
Crs,max=1.4.  
Connection M-r responses are shown in Figure 6.31. This figure shows that at certain 
points the moment has a large increase while r has a small increase, which is due to 
bearing of the friction bolts against the longitudinal edges of the beam web slots. In 
Table 6.7, E,exp is close to E,des with a difference of ±13%. The PT force versus 
average r for each floor is shown in Figure 6.32. Table 6.5 shows |Po,m|>|To,m| at the 
4
th
 floor and |To,m|>|Po,m| at the lower floors at the beginning of the DBE-4 simulation. 
Beam flange yielding was detected in the bottom flanges at the south end of the north-
bay beam at the 4
th
 floor. Table 6.9 shows the largest rp,max=1.02y at the 4
th
 floor. The 
rp time histories of the north-bay 4
th
 floor beam flanges are shown in Figure 6.33. 
Yielding in the panel zones and in the beam webs near the flange was not observed 
(from whitewash) during the DBE-4 simulation. The responses of the ground links 
from DBE-4 are shown in Figure 6.34. 
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6.3.4. MCE Simulations 
6.3.4.1. MCE-1 
The floor displacement time histories from the MCE-1 simulation are shown in Figure 
6.35(a). Small residual floor displacements are observed. Figure 6.36(a) shows story 
drift time histories from the MCE-1 simulation. The residual story drifts are small. The 
maximum residual story drift (Table 6.6) is 0.094% rad. Table 6.8 shows rf,max=3.2% 
rad, and the largest s,max=5.8% rad at the 4
th
 story. The largest      =5.4% rad at the 
4
th
 floor. The largest Tmax=0.72Tu,n, and the largest T=0.01Tu at the 4
th
 floor. The 
largest C,max=1.8 at the 4
th
 floor, and the largest Crs,max=1.2. 
Connection M-r responses are shown in Figure 6.37. The moment increased 
significantly from the friction bolt bearing against the longitudinal edges of the beam 
web slots, as shown in Figure 6.37(a) and Figure 6.37(b). The friction bolt bearing 
force is additional to the force Ff included in Eq. (3.1). Thus, the moment is increased 
by the friction bolt bearing force. The scrape on a friction bolt from bearing against 
the longitudinal edge of the beam web slot can be seen in the photograph in Figure 
6.38. E,exp is around 30% for the 1
st
, 2
nd
, 3
rd
 floors. Table 6.8 shows that E,exp is as 
much as 15% larger than E,des. This difference is larger than that from the DBE 
simulations, and is due to the friction bolt bearing that introduces additional energy 
dissipation in the WFDs. The PT force versus    for each floor is shown in Figure 
6.39. Table 6.5 shows |Po,m|>|To,m| at the 4
th
 floor and |To,m|>|Po,m| at the lower floors at 
the beginning of the MCE-1 simulation. 
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Figure 6.40 shows the largest beam flange strain is in the bottom flange of the south 
end of the north-bay beam at the 4
th
 floor. Table 6.9 shows the largest rp,max=8.65y at 
the 4
th
 floor. Figure 6.41 shows yielding and flange distortion at the south end of the 
north-bay beam at the 4
th
 floor. Typical yielding of the column flange in the PT 
anchorage region is shown in Figure 6.42. The ground link responses from MCE-1 are 
shown in Figure 6.43. 
6.3.4.2. MCE-2 
The floor displacement time histories from the MCE-2 simulation are shown in Figure 
6.35(b), where small residual floor displacements are observed. Figure 6.36(b) shows 
story drift time histories from the MCE-1 simulation. The residual story drifts are very 
small. The maximum residual story drift (Table 6.6) is 0.18% rad. Table 6.8 shows 
rf,max=4.6% rad, and the largest s,max=7.2% rad at the 4
th
 story. The largest 
     =6.7% rad at the 4
th
 floor. The largest Tmax=0.81Tu,n, and the largest 
T=0.25Tu,n at the 4
th
 floor. No PT strand fracture occurred. The largest C,max=1.6 at 
the 4
th
 floor, and the largest Crs,max=1.4.  
Connection M-r responses are shown in Figure 6.44. The friction bolt bearing that 
increased the moment can be observed in Figure 6.44(a) through Figure 6.44(d). E,exp 
values listed in Table 6.8 are larger than E,des at all floors. Due to the friction bolt 
bearing, which added energy dissipation to the WFDs. The PT force versus    for each 
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floor is shown in Figure 6.45. Table 6.5 shows |Po,m|>|To,m| at the 4
th
 floor and 
|To,m|>|Po,m| at the lower floors at the beginning of the MCE-2 simulation,. 
Figure 6.46 shows the largest beam flange strain is in the bottom flange of the south 
end of the north-bay beam at the 4
th
 floor. Note that the initial beam flange strains at 
the beginning of the MCE-2 simulation are the same as the final strains at the end of 
the MCE-1 simulation. The largest rp,max=9.02y (Table 6.9) at the 4
th
 floor, which is 
about 1.5y larger than the residual strain at the end of the MCE-1 simulation. Figure 
6.47 shows yielding and flange distortion at the south end of the north-bay beam at the 
4
th
 floor. The ground link responses from MCE-2 are shown in Figure 6.48. 
6.3.5. Aftershock Simulations 
Two post-MCE aftershocks (AF-1 and AF-2, respectively) were performed after the 
MCE-1 and MCE-2 simulations. The AF-1 and AF-2 simulations used the same 
ground motion record as used in the DBE-2 simulations described in Section 5.4. 
6.3.5.1. AF-1 
Figure 6.49 compares the floor displacement time histories between the AF-1 and 
DBE-2 simulations. The floor displacement response from the AF-1 simulation is 
close to that from the DBE-2 simulation. The residual floor displacements from the 
AF-1simulation are small. The maximum residual story drift from AF-1 (Table 6.6) is 
0.054% rad. Although yielding occurred in the beams and columns during the MCE-1 
simulation, the SC-MRF maintained self-centering behavior in the AF-1 simulation. 
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From the AF-1 simulation, Table 6.10 shows rf,max=1.72% rad, the largest 
s,max=3.0% rad is in the 4
th
 story, and the largest      =2.8% rad at the 4
th
 floor. 
These values are similar to those from the DBE-2 simulation. The increase is 
presumed to be from the yielding and distortion caused by the MCE-1 simulation. The 
yielding from the MCE-1 simulation did not significantly change the behavior of the 
SC-MRF test structure. 
6.3.5.2. AF-2 
Figure 6.50 compares the floor displacement time histories between the AF-2 and 
DBE-2 simulations. The residual floor displacements from the AF-2 simulation are 
small. The maximum residual story drift from AF-2 (Table 6.6) is 0.063% rad. This 
value is small. The SC-MRF maintained self-centering behavior in the AF-2 
simulation. During the AF-2 simulation, rf,max=1.74% rad (Table 6.10) and  the 
largest s,max=3.1% rad (Table 6.10) in the 4
th
 story, and the largest      =3.1% rad at 
the 4
th
 floor. These results are slightly larger than those from the AF-1 and DBE-2 
simulations. The small increase is presumed to be caused by the yielding cumulated 
from the MCE-1 and MCE-2 simulations. The yielding from the MCE-1 and MCE-2 
did not cause a significant difference in the behavior of the SC-MRF test structure. 
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Table 6.1 Test frame conditions for static tests 
Case SC Connection behavior test Elastic stiffness test 
I -- ST-A 
II CB-1 ST-B 
III CB-2 -- 
IV CB-3 -- 
V CB-4 ST-C 
 
Table 6.2 Estimated Elastic Stiffness Matrixes of SC-MRF test frame 
Case Floor  1
st
  2
nd
  3
rd
  4
th
  
ST-A 
1
st
  715 -498 73 -2 
2
nd
  -496 841 -475 83 
3
rd
  67 -486 723 -314 
4
th
  6 72 -308 234 
ST-B 
1
st
  767 -536 100 -13 
2
nd
  -515 881 -505 91 
3
rd
  81 -513 735 -320 
4
th
  -1 78 -309 238 
ST-C 
1
st
  724 -507 96 -15 
2
nd
  -488 863 -520 97 
3
rd
  76 -524 761 -321 
4
th
  -7 93 -323 237 
     Note: units of coefficients are kip/inch. 
 
Table 6.3 Estimated natural periods of SC-MRF test structure 
 Period (sec) 
Mode ST-A ST-B ST-C 
1
st
  1.26 1.25 1.26 
2
nd
  0.44 0.43 0.42 
3
rd
  0.23 0.23 0.20 
4
th
  0.16 0.15 0.13 
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Table 6.4 Initial stiffness of 3FSN connection 
 Test 
Initial Stiffness CB-2 CB-3 CB-4 
k

i,p 
(kip-in / %rad) 
2669 8156 8140 
k

i,n 
(kip-in / %rad) 
2636 5131 8047 
  
Table 6.5 Difference between total To,m and Po,m 
 
Simulation 
|   |       
      
 
|   |        
(kips) 
1
st
  
floor 
2
nd
  
floor 
3
rd
  
floor 
4
th
  
floor  
1
st
  
floor 
2
nd
  
floor 
3
rd
  
floor 
4
th
  
floor  
Sum 
FOE-1 -0.09 -0.08 -0.11 0.07 -18 -16 -14 5 -43 
FOE-2 -0.10 -0.09 -0.11 0.05 -20 -16 -12 5 -43 
DBE-1 -0.10 -0.09 -0.11 0.05 -20 -16 -12 5 -43 
DBE-2 -0.10 -0.08 -0.11 0.06 -19 -15 -13 4 -43 
DBE-3 -0.11 -0.07 -0.11 0.08 -21 -13 -13 6 -41 
DBE-4 -0.11 -0.07 -0.11 0.09 -21 -13 -13 6 -41 
MCE-1 -0.09 -0.06 -0.08 0.11 -19 -11 -11 8 -32 
MCE-2 -0.11 -0.04 -0.12 0.10 -22 -8 -15 7 -39 
AF-1 -0.10 -0.04 -0.10 0.13 -21 -7 -13 9 -31 
AF-2 -0.14 -0.03 -0.14 0.13 -28 -5 -16 9 -41 
 
Table 6.6 Residual story drift after hybrid earthquake simulations 
 
Simulation 
Residual story drift (%rad) 
1
st
 story 2
nd
 story 3
rd
 story 4
th
 story
 
 
DBE-1 -0.007 -0.028 -0.040 -0.047 
DBE-2  0.014  0.035  0.061  0.045 
DBE-3  0.074  0.063  0.023  0.008 
DBE-4 -0.028 -0.068 -0.075 -0.057 
MCE-1 -0.031 -0.031 -0.056 -0.094 
MCE-2 -0.180 -0.110 -0.086 -0.059 
AF-1  0.028  0.047  0.049  0.054 
AF-2  0.021  0.044  0.063  0.053 
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Table 6.7 Test results from DBE simulations 
 
Floor 
rf,max 
(%rad) 
s,max 
 (%rad) 
     
 (%rad) 
Tmax/Tu,n 
(%) 
ΔTo/Tu,n 
(%) 
C,max Crs,max E,exp/E,des 
D
B
E
-1
 4
th
  -1.37 -1.8 -1.3 49 -0.1 1.3 0.72 1.03 
3
rd
  -- -1.6 -1.3 46 -0.0 1.2 0.81 0.94 
2
nd
  -- -1.7 -1.2 49 -0.0 1.2 0.71 1.08 
1
st
  -- -1.1 -1.1 50 -0.0 0.8 1.00 1.08 
D
B
E
-2
 4
th
  1.68 2.9 2.7 60 -0.5 1.7 0.93 0.91 
3
rd
  -- 2.5 2.4 54 -0.4 1.5 0.96 0.91 
2
nd
  -- 1.4 1.4 51 -0.0 0.8 1.00 1.04 
1
st
  -- 0.8 0.5 46 -0.0 0.5 0.63 0.96 
D
B
E
-3
 4
th
  2.83 3.9 3.8 65 -0.7 1.4 0.97 0.94 
3
rd
  -- 3.5 3.4 60 -0.7 1.2 0.97 1.00 
2
nd
  -- 3.5 3.1 61 -1.3 1.2 0.89 1.08 
1
st
  -- 2.1 2.5 59 -1.0 0.7 1.19 1.04 
D
B
E
-4
 4
th
  -3.51 -4.9 -4.4 68 -0.6 1.4 0.90 0.94 
3
rd
  -- -4.4 -4.2 65 -0.7 1.3 0.95 0.97 
2
nd
  -- -3.8 -3.9 64 -1.2 1.1 1.03 1.08 
1
st
  -- -2.0 -2.8 61 -0.3 0.6 1.40 1.13 
Note: s,max  is the drift for each story. 
 
Table 6.8 Test results from MCE simulations 
 
Floor 
rf,max 
 (%rad) 
s,max 
(%rad) 
     
(%rad) 
Tmax/Tu,n 
(%) 
ΔT/Tu,n 
(%) 
C,max Crs,max 
E,exp/E,des 
(%) 
M
C
E
-1
 4
th
  -3.2 -5.8 -5.4 69 -1.0 1.8 0.9 1.06 
3
rd
  -- -4.2 -4.7 72 -0.8 1.3 1.1 1.05 
2
nd
  -- -3.2 -3.3 64 -0.5 1.0 1.0 0.98 
1
st
  -- -1.8 -2.2 62 0.0 0.6 1.2 1.15 
M
C
E
-2
 4
th
  -4.6 -7.2 -6.7 76 -1.3 1.6 0.9 1.06 
3
rd
  -- -6.2 -6.2 81 -2.5 1.3 1.0 1.01 
2
nd
  -- -4.6 -5.2 77 -1.9 1.0 1.1 1.15 
1
st
  -- -2.6 -3.6 71 -1.3 0.6 1.4 1.22 
Note: s,max  is the drift for each story. 
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Table 6.9 Maximum beam flanges strains at ends of reinforcing plates 
Floor 
  rp,max /y  
DBE-1 DBE-2 DBE-3 DBE-4 MCE-1 MCE-2 
4
th
  -0.75 -0.85 -0.91 -1.02 -8.65 -9.02 
3
rd
  -0.68 -0.82 -0.97 -0.97 -1.14 -1.33 
2
nd
  -0.67 -0.6 -0.82 -0.89 -0.89 -1.16 
1
st
  -0.65 -0.6 -0.82 -0.82 -0.87 -1.15 
 
 
 
Table 6.10 Test results from AF simulations 
 
Floor 
rf,max 
 (%rad) 
s,max 
(%rad) 
     
(%rad) 
A
F
-1
 4
th
  1.72 3.0 2.8 
3
rd
  -- 2.5 2.5 
2
nd
  -- 1.5 1.5 
1
st
  -- 0.9 0.6 
A
F
-2
 4
th
  1.74 3.1 3.1 
3
rd
  -- 2.6 2.6 
2
nd
  -- 1.5 1.5 
1
st
  -- 0.9 0.6 
Note: s,max  is the drift for each story. 
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(b) 
 
 
(c) 
                                
 
Figure 6.1 (a) Gap between a column flange and a shim plate, (b) shim stock, and (c) 
gap inserted with shim stock and covered by epoxy. 
Col. Flange 
Shim Plate 
Bm.  
Reinforcing Plate 
0.02” 
Col. 
Epoxy 
(a) 
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Figure 6.2 Improved contact surface for 3FSN bottom flange: (a) schematic and (b) 
view A. 
 
 
 
Figure 6.3 Out-of-flatness of center column flanges in Case I. 
View A
Column Face 
(a) (b) 
Beam Reinforcing Plate 
Shim Stock 
 
Column flange  
out-of-flatness 
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Figure 6.4 Flat, straight flanges of south column. 
 
 
 
Figure 6.5 M-Δgap response of 3FSN connection from CB-1 test.  
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Figure 6.6 M-r response of 3FSN connection from test (a) CB-1, (b) CB-2, (3) CB-3, 
and (d) CB-4. 
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Figure 6.7 Comparisons of M-r response of 3FSN connection between test (a) CB-1 
and CB-2, (b) CB-2 and CB-3, (c) CB-3 and CB-4, and (d) CB-4 and CB-2. 
 
 
 
 
 
 
 
Figure 6.8 Gap between beam top flange and shim plate at 3FSN connection for Case 
III before CB-2 test.  
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Figure 6.9 Floor displacement time histories from FOE-1. 
 
 
 
Figure 6.10 PT force time histories from FOE-1: (a) 4
th
, (b) 3
rd
, (c) 2
nd
, and (d) 1
st
 
floors. 
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Figure 6.11 Ground links responses from FOE-1: (a) south and (b) north ground links. 
 
 
 
 
Figure 6.12 Floor displacement time histories from FOE-2.  
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Figure 6.13 FOE-2 vs FOE-2A floor displacement time histories: (a) 4
th
, (b) 3
rd
, (c) 
2
nd
, and (d) 1
st
 floors. 
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(d) (c) 
FOE-2A 
FOE-2 
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Figure 6.14 M-r responses from FOE-2: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 6.15 Ground links responses from FOE-2: (a) south and (b) north ground links. 
 
 
 
Figure 6.16 Floor displacement time histories from: (a) DBE-1 (b) DBE-2, (c) DBE-3, 
and (d) DBE-4. 
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Figure 6.17 Story drift time histories from: (a) DBE-1 (b) DBE-2, (c) DBE-3, and (d) 
DBE-4. 
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Figure 6.18 M-r responses from DBE-1: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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(f) (e) 
(h) (g) 
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Figure 6.19 PT force vs.    from DBE-1: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
 
 
Figure 6.20 Typical connection M-r response from DBE-1.  
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Figure 6.21 Ground links responses from DBE-1: (a) south and (b) north ground links.  
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Figure 6.22 M-r responses from DBE-2: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
(b) (a) 
(d) (c) 
(f) (e) 
(h) (g) 
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Figure 6.23 PT force vs.    from DBE-2: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
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Figure 6.24 Beam flange strain time histories from DBE-2: (a) south top flange, (b) 
north top flange, (c) south bottom flange, and (d) north bottom flange of north-bay 
4
th
 floor beam. 
 
 
Figure 6.25 Ground links responses from DBE-2: (a) south and (b) north ground links. 
 
(b) (a) 
(d) (c) 
(b) (a) 
Slip 
 214 
 
 
Figure 6.26 M-r responses from DBE-3: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 6.27 PT force vs.    from DBE-3: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
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Figure 6.28 Beam flange strain time histories from DBE-3: (a) south top flange, (b) 
north top flange, (c) south bottom flange, and (d) north bottom flange of north-bay 
4
th
 floor beam. 
 
 
Figure 6.29 Ground-level column flange strains time histories from DBE-3: (a) south 
flange and (b) north flange of north column. 
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Figure 6.30 Ground links responses from DBE-3: (a) south and (b) north ground links.  
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Figure 6.31 M-   responses from DBE-4: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
(b) (a) 
(d) (c) 
(f) (e) 
(h) (g) 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
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Figure 6.32 PT force vs.    from DBE-4: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
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Figure 6.33 Beam flange strain time histories from DBE-4: (a) south top flange, (b) 
north top flange, (c) south bottom flange, and (d) north bottom flange of north-bay 
4
th
 floor beam. 
 
 
 
Figure 6.34 Ground links responses from DBE-4: (a) south and (b) north ground links.  
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Figure 6.35 Floor displacement time histories from: (a) MCE-1 and (b) MCE-2. 
(a) 
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Figure 6.36 Story drift time histories from: (a) MCE-1 and (b) MCE-2. 
  
(a) 
(b) 
 
1st 
2nd 
3rd 
4th 
 
1st 
2nd 
3rd 
4th 
 223 
 
 
Figure 6.37 M-r responses from MCE-1: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 6.38 Friction bolt with scraping due to bearing against the longitudinal edge of 
the beam web slot. 
 
 
Figure 6.39 PT force vs.    from MCE-1: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
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Figure 6.40 Beam flange strain time histories from MCE-1: (a) south top flange, (b) 
north top flange, (c) south bottom flange, and (d) north bottom flange of north-bay 
4
th
 floor beam. 
 
Figure 6.41 Beam yielding and flange distortion from MCE-1: 4FNS connection. 
(b) (a) 
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Figure 6.42 Column flange yielding in the PT anchorage region. 
 
 
 
Figure 6.43 Ground links responses from MCE-1: (a) south and (b) north ground links.  
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Figure 6.44 M-r responses from MCE-2: (a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 
2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
(b) (a) 
(d) (c) 
(f) (e) 
(h) (g) 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
Friction bolt 
bearing. 
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Figure 6.45 PT force vs.    from MCE-2: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 and (d) 1
st
 floors. 
 
 
Figure 6.46 Beam flange strain time histories from MCE-2: (a) south top, (b) north 
top, (c) south bottom, and (d) north bottom flange of north-bay 4
th
 floor beam. 
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Figure 6.47 Beam yielding and flange distortion from MCE-2: 4FNS connection. 
 
 
 
 
Figure 6.48 Ground links responses from MCE-2: (a) south and (b) north ground links.  
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Figure 6.49 AF-1 vs. DBE-2 floor displacement time histories: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 
and (d) 1
st
 floors. 
(b) (a) 
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Figure 6.50 AF-2 vs. DBE-2 floor displacement time histories: (a) 4
th
, (b) 3
rd
, (c) 2
nd
 
and (d) 1
st
 floors. 
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Chapter 7 
Evaluation of Design Formula and Seismic Performance of 
the SC-MRF Test Structure Using Hybrid Earthquake 
Simulation Results 
7.1. Introduction 
This chapter presents an evaluation of the performance-based design (PBD) formulas 
and criteria form Chapter 3 and of the seismic performance of the SC-MRF test 
structure. The PBD formulas and criteria are evaluated using experimental 
measurements from the hybrid earthquake simulations presented in Chapter 6 
supplemented with additional calculations using the properties of the SC-MRF test 
frame. The seismic performance of the SC-MRF test structure under the DBE and 
MCE is assessed based on comparisons between the SC-MRF test structure response 
from the hybrid earthquake simulations and the expected DBE-level and MCE-level 
limit states. 
7.2. Evaluation of Design Formula 
This section presents an evaluation of design formulas used in of the PBD procedure 
described in Chapter 3. The results from the earthquake hybrid simulations on the SC-
MRF test frame are compared to the corresponding results calculated from the design 
formulas. 
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7.2.1. Calculated Connection Moment 
To evaluate the design formula for calculating the connection moment, Eq. (3.1) is 
used to calculate the connection moment from the measurements (Mc,m) as follows: 
                         (7.1)  
where Pm is the measured south-bay (sliding-bay) beam axial force, d2,m is the 
measured distance from the beam centroid to the center of rotation (COR), and rm is 
the measured distance from the friction force resultant in the WFD to the COR. The 
values for d2,m and rm are given in Section 4.11.       is the friction force resultant in 
the WFD from Eq. (3.2) calculated as follows:  
 Ff,c,m  = 2Nb,m (7.2)  
where = 0.4 is the lower bound value from test results by Petty (1999), and Nb,m is 
the measured total normal force of the friction bolts in the WFD. Nb,m is assumed 
equal to the total tension force in the friction bolts measured from the bolt gauges. 
Bolt gauges were installed in the friction bolts in only the WFDs at the south ends of 
the south-bay beams (denoted SS). Note that Eq. (7.1) and Eq. (3.1) are only valid 
when the connection gap is open (i.e., when only one beam flange is in contact with 
the column flange).  
Figure 7.1 and Figure 7.2 compare Mc,m (shown as discrete data points) and the 
connection moment measured in experiments (Mexp) during the DBE-3 and DBE-4 
hybrid simulations for the SS connections at the 1
st
, 2
nd
,3
rd
, and 4
th
 floors (denoted  
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1FSS, 2FSS, 3FSS, and 4FSS, respectively). rexp in Figure 7.1 and Figure 7.2 is the 
connection rotation obtained in the experiments. As shown in the figures, Mc,m is 
calculated only when the connection gap is open. Mc,m and Mexp have good agreement 
in the DBE-3 hybrid simulation. During the DBE-4 hybrid simulation, however, a 
large discrepancy between Mc,m and Mexp can be seen for the 3FSS connection in 
Figure 7.2(b); Mc,m is larger than Mexp. This result is due to the incorrect measurement 
of Nb,m for the WFD of the 3FSS connection. Figure 7.3 shows Nb,m normalized by 
nbNb,des, where Nb,des is the design bolt force equal to 12 kip as described in Chapter 4. 
As shown in Figure 7.3(b), the measured value of Nb,m is much larger than nbNb,des, 
which causes the large discrepancy between Mc,m and Mexp in Figure 7.2(b).  
Figure 7.3(a), (c), and (d) show that Nb,m is typically close to nbNb,des. Therefore, it 
was of  interest to see if using nbNb,des in place of Nb,m in Eq. (7.2) would make the 
calculated connection moment closer to Mexp. Therefore, another calculated 
connection moment Mc,m-d was compared with Mexp: 
  Mc,m-d = Pm d2,m + Ff,c,d rm (7.3)  
where Ff,c,d is the friction force resultant in the WFD calculated as follows: 
 Ff,c,d  = 2nb Nb,des  (7.4)  
In Eq. (7.4), Nb,des =12 kip as described earlier. Figure 7.4 through Figure 7.8 compare 
Mc,m-d with Mexp during the DBE-2, DBE-3, DBE-4, MCE-1, and MCE-2 hybrid 
 235 
simulations. Figure 7.4 through Figure 7.8 also show good agreement between Mc,m-d 
and Mexp. Also comparing Figure 7.6(c) with Figure 7.2(b) shows that Mc,m-d using 
Ff,c,d with Nb,des =12 kip in Eq. (7.3) is closer to Mexp than Mc,m using Ff,c,m with Nb,m 
in Eq. (7.1) for the 3FSS connection. The results show that Eq. (3.4) can be used to 
estimate the friction force resultant in a WFD, and Eq. (3.1) can be used to estimate 
the connection moment after gap opening. 
To evaluate Eq. (3.5) for the connection imminent gap opening moment MIGO, 
MIGO,c,m-d-T is calculated as follows: 
 MIGO,c,m-d-T = To,md2,m + Ff,c,d rm (7.5)  
where To,m is the measured total initial PT strand force. In Eq. (3.5), MIGO is estimated 
by assuming beam axial force is equal to the total initial PT strand force To. To 
evaluate this assumption, MIGO,c,m-d-P is calculated as follows: 
 MIGO,c,m-d-P = Po,md2,m + Ff,c,d rm (7.6)  
where Po,m is the measured initial beam axial force. Figure 7.9 through Figure 7.12 
compare MIGO,c,m-d-T and MIGO,c,m-d-P to Mexp during the DBE and MCE hybrid 
simulations. 
The connection imminent gap opening moment from the experiments (MIGO,exp) is the 
value of Mexp at Point 2 as shown in Figure 6.19. MIGO,exp is compared to MIGO,c,m-d-P 
and MIGO,c,m-d-T in Table 7.1. MIGO,c,m-d-T and MIGO,c,m-d-P are close to MIGO,exp. In 
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general, MIGO,c,m-d-P is closer to MIGO,exp than MIGO,c,m-d-T because Po,m is not exactly 
equal to To,m as discussed in Section 6.2.5. When To,m≠Po,m, the assumption of P=To to 
calculate MIGO using the design formula (Eq. (3.5)) can introduce error into the value 
of MIGO. Table 7.1 shows this error can be about 5%.  
7.2.2. Total PT Strand Force 
To evaluate the design formula for calculating the PT strand force (Eq. (3.4)), the total 
PT strand force calculated from measurements (Tc,m-n) is introduced as follows: 
 
       =                                   (7.7)  
where r,expθ is the average connection rotation over the floor from the experiments, kb,n 
is the nominal axial stiffness of the beam, and ks,n is the nominal axial stiffness of the 
PT strands, respectively. Figure 7.13 through Figure 7.16 compare Tc,m-n (normalized 
by Tu,n) to the total PT force from the experiments (Texp, normalized by Tu,n) during 
the DBE and MCE hybrid simulations. Tc,m-n and Texp have relatively good agreement 
and only small differences can be seen. The largest discrepancy between c,m-nT  and 
Texp was 0.03Tu,n during the MCE-1 and MCE-2 hybrid simulations. The results show 
that Eq. (3.4) can be used to estimate the total PT strand force. 
7.2.3. Beam Axial Force due to Floor Inertial Force 
As described in Chapter 5, the floor inertial force of the SC-MRF test frame is 
transferred from the hydraulic actuator through the simulated floor diaphragm into the 
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north-bay (i.e., FD-bay) beam. In Chapter 3, the design formulas assume that the beam 
axial force from the inertial force transferred by the floor diaphragm, Pfd, in the 
sliding-bay beam (i.e., the south-bay beam of the SC-MRF test frame) is 1/4 of the the 
Pfd in the FD-bay beam (i.e., the north-bay beam of the SC-MRF test frame) as shown 
in Figure 3.7. From Eq. (3.3), the beam axial force from the inertial force transferred 
by the floor diaphragm (Pfd) can be calculated as follows: 
 Pfd = P - T (7.8)  
where P is the beam axial force, and T is the total PT strand force. In Eq. (3.3) and Eq. 
(7.8), other effects, such as the restraint of gap opening by the columns and ground-
level beams (with welded connections as discussed in Section 4.7) are not considered. 
The effect of the restraint is more important in the lower floors than the upper floors, 
because the upper floors are further from the ground-level beams and the upper floor 
beam axial force has a larger component from the floor inertial force.  
To evaluate the assumption that Pfd in the sliding-bay beam is equal to 1/4 of the floor 
inertia force, Pfd in the south-bay (i.e., sliding-bay) beam of the SC-MRF test frame 
(Pfd,s,c-Pm-Tm) is calculated from the experimental results as follows: 
 Pfd,s,c-Pm-Tm = Pm – Tm (7.9)  
where Pm is the measured south-bay beam axial force, and Tm is the measured total PT 
force from the PT strand load cells. Then, Pfd,s,c-m-a equal to one quarter of the 
measured floor inertial force is calculated as follows: 
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 Pfd,s,c-m-a = Fi,m /4 (7.10)  
where Fi,m is the measured floor inertial force from the actuator load cell. Figure 7.17 
compares Pfd,s,c-Pm-Tm to Pfd,s,c-m-a by plotting them versus Fi,m during the DBE-3 hybrid 
simulation.  
Pfd,s,c-Pm-Tm and Pfd,s,c-m-a are close in the 4
th
 floor as seen in Figure 7.17(a). Differences 
between Pfd,s,c-Pm-Tm and Pfd,s,c-m-a in the 1
st, 
2
nd
, and 3
rd
 floors can be seen in Figure 
7.17(b), (c), and (d), where Pfd,s,c-Pm-Tm is larger than Pfd,s,c-m-a. The cause of the 
difference is To,m≠Po,m as discussed in Section 6.2.5. Therefore, Pfd,s,c-dPm-dTm is 
calculated as follows to mitigate the difference between To,m and Po,m: 
 Pfd,s,c-dPm-dTm = (Pm – Po,m) – (Tm – To,m) (7.11)  
Similar to Eq. (7.8), Pfd,s,c-dPm-dTm does not consider other effects, such as restraint to 
gap opening by columns and ground-level beams. Figure 7.18 compares Pfd,s,c-dPm-dTm 
and Pfd,s,c-m-a by plotting them versus Fi,m during the DBE-3 hybrid simulation. Pfd,s,c-
dPm-dTm has better correlation with Pfd,s,c-m-a than Pfd,s,c-Pm-Tm. Figure 7.19 through Figure 
7.21 compare Pfd,s,c-dPm-dTm with Pfd,s,c-m-a during the DBE-4, MCE-1, and MCE-2 
hybrid simulations. Pfd,s,c-dPm-dTm and Pfd,s,c-m-a have similar slopes. As a result, 
assuming that Pfd in the sliding-bay beam is equal to 1/4 of the inertial force applied to 
the FD-bay beam is reasonable for this 2-bay SC-MRF. That Pfd,s,c-dPm-dTm is higher or 
lower than Pfd,s,c-m-a can been seen in Figure 7.18 through Figure 7.21. The difference 
between Pfd,s,c-dPm-dTm and Pfd,s,c-m-a could be caused by restraint of the gap opening by 
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columns and ground-level beams which are not considered in Pfd,s,c-dPm-dTm. These 
effects are less important in the upper floors, and Pfd,s,c-dPm-dTm and Pfd,s,c-m-a therefore 
have better correlation in the 4
th
 floor than in the lower floors.  
7.3. Evaluation of Design Criteria Related to Limit States 
7.3.1. Limit States after IO limit 
 Beam Flange Yield 7.3.1.1.
As described in Chapter 3 where the beam flange strain criterion (Eq. (3.28)) is 
discussed, beam flange yielding at the end of the reinforcing plates is allowed under 
the DBE, but the maximum beam flange strain must be less than 2y. The absolute 
largest value of the maximum beam flange strain at the end of the beam reinforcing 
plates (rp,max) during each DBE and MCE hybrid simulation is listed in Table 7.2. The 
largest value rp,max=0.91y during the DBE-3 hybrid simulation in the bottom flange at 
the north end of the north-bay beam at the 4
th
 floor. The largest rp,max=1.02y during 
the DBE-4 hybrid simulation in the bottom flange at the south end of the north-bay 
beam at the 4
th
 floor. These values are less than 2y, showing that the SC-MRF test 
frame satisfies the beam flange strain criterion (Eq. (3.28)). 
 Beam Horizontal Shear Yield 7.3.1.2.
As described in Chapter 3 where the beam horizontal shear yield criterion (Eq. (3.26)) 
is discussed, horizontal yield in the beam web is not allowed under the DBE. After the 
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DBE hybrid simulations, beam horizontal shear yield in the web was not observed. To 
assess the beam horizontal shear yield criterion (Eq. (3.26)), RLrp,c is calculated from 
the left-hand side of Eq. (3.26) for each time step as follows: 
 
m f,c,d f,y,c-m
Lrp,c
rp,n y,c-m w,m
(P + F ) - C
R =
L τ t
 
(7.12)  
where Cf,y,c-m is the beam flange yield force calculated using measured dimensions and 
the static yield stress from the coupon tests (i.e., y listed in Table 4.7). y is obtained 
from beam flange coupon tests, and this evaluation assumes the beam web has the 
same static yield stress. Cf,y,c-m is the product of y, the measured beam flange 
thickness (tf,m, listed in Table 4.8), and the measured beam flange width (bf,m, listed in 
Table 4.8). y,c-m is the shear yield stress calculated as 0.6y. tw,m is the measured beam 
web thickness (Table 4.7), Ff,c,d is the friction force resultant in the WFD (Eq. (7.4)), 
and Lrp,n is the measured length of beam flange reinforcing plate (Table 4.10). Since 
Pm is available only for the south-bay beams of the SC-MRF test frame, RLrp,c is 
calculated only for the south-bay beams. The maximum RLrp,c (denoted RLrp,c,max) is 
expected to be less than 1.0, satisfying the beam horizontal shear yield criterion (Eq. 
(3.26)), because beam horizontal shear yield in the web was not observed during the 
DBE hybrid simulations. Table 7.3 lists RLrp,c,max for the south end of the south-bay 
beam (SS) and the north end of the south-bay beam (SN). The largest RLrp,c,max= 0.80 
at the 3
rd
 floor during the DBE-4 hybrid simulation is less than 1.0. Therefore, the 
south-bay beams of the SC-MRF test frame satisfied the beam horizontal shear yield 
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criterion (Eq. (3.26)). RLrp,c for the north-bay beams is expected larger than that for the 
south-bay beams because the beam axial force in the north bay is expected larger than 
that in the south bay since the axial force from the floor inertial force is larger (see 
Section 4.9) and Lrp,n in the north bay is the same as in the south bay (see Section 
4.6.5). However, the axial force in north-bay beams was not measured, so RLrp,c for the 
north-bay beams was not calculated. However, horizontal shear yielding in the north-
bay beam webs was not observed (from whitewash) during the DBE hybrid 
simulations (see Section 6.3.3). 
 Beam Flange Bearing Yield 7.3.1.3.
To assess the beam flange bearing yield criterion (Eq. (3.27)), RArp,c is calculated from 
the left-hand side of Eq. (3.27) as follows: 
 
m f,c,d f,y,c-m
Arp,c
rp,c-m y
(P + F ) - C
R
A σ
=   
(7.13)  
where Pm is the measured south-bay beam axial force, Ff,c,d is the friction force 
resultant in the WFD (Eq. (7.4)). Cf,y,c-m is the product of y (Table 4.7), tf,m and bf,m 
(listed in Table 4.8). Arp,c-m is the area of beam flange reinforcing plate equal to the 
product of measured beam flange reinforcing plate thickness (trp,m, listed in Table 4.8) 
and measured beam flange reinforcing plate width (brp, listed in Table 4.8), and y is 
the static yield stress from reinforcing plate coupon tests (Table 4.8). Since Pm is only 
available for the south-bay beams of the SC-MRF test frame, RArp,c is only calculated 
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for the south-bay beams. Table 7.4 lists the maximum RArp,c  (denoted RArp,c,max) for the 
south end of the south-bay beam (SS) and the north end of the south-bay beam (SN). 
The largest RArp,c,max= 0.54 at the 1
st
 floor during the DBE-4 hybrid simulation, so the 
south-bay beams satisfied the beam flange bearing yield criterion (Eq. (3.27)). The 
axial force was not measured in the north-bay beams, and RArp,c for the north-bay 
beams was not calculated. 
 Panel Zone Yield 7.3.1.4.
During the DBE hybrid simulations, panel zone yield was not observed. The panel 
zone shear force was not measured, so the panel zone yield criterion (Eq. (3.30)) can 
not be evaluated. However, panel zone yield was not observed (from whitewash) 
during the DBE hybrid simulations (see Section 6.3.3). 
7.3.2. Limit States after CP Limit 
 PT Strand Yield 7.3.2.1.
During the MCE simulations, the largest total PT strand force was 0.81Tu,n (Table 7.2) 
in the MCE-2 hybrid simulation, which is equal to 0.9Ty,n= 0.81Tu,n as defined during 
the discussion of the strand yield criterion (Eq. (3.38)). 0.9Ty,n is less than Ty,n. 
Assuming the strand yield stress is 0.9Tu,n, as discussed in Section 3.4.5.3, the PT 
strands did not yield during the hybrid simulations. 
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 Beam Web Compactness 7.3.2.2.
During the MCE-1 and MCE-2 simulations, beam web buckling did not occur in the 
SC-MRF test frame. To evaluation the design criterion for the beam web compactness 
criterion (Eq. (3.35)), ps,MCE,c,m-n is calculated from Eq. (3.36) for each time step as 
follows:  
 
PS,MCE, c,m-n m y,n y yλ =max{1.12(2.33- P /0.9P ) E/σ ,1.49 E/σ } 
(7.14)  
where Pm is the measured south-bay beam axial force, Py,c is the calculated beam axial 
yield strength, E is Young’s modulus, and y is the static yield stress from beam flange 
coupon tests (Table 4.7) assuming the beam web has the same static yield stress as the 
flange. Py,c is the static yield stress multiplied by the beam cross section area (Table 
4.9) calculated from measured dimensions. y is based on the results of the beam 
flange coupon tests, the static yield stress for the beam web is usually greater than that 
for the beam flange. Thus, Eq. (7.14) likely gives an upper bound estimation of 
ps,MCE. Rh/tw defined as follows is calculated: 
 
w n
h/tw
PS,MCE,c,m-n
(h/t )
R
λ
  (7.15)  
where (h/tw)n is the nominal width-thickness ratio for beam web. Since Pm is available 
only for the south-bay beams, Rh/tw is calculated only for the south-bay beams. Table 
7.5 lists the maximum Rh/tw (denoted as Rh/tw,max) for the MCE-1 and MCE-2 hybrid 
simulations. The largest Rh/tw,max=0.9 in the 3
rd
 floor during the MCE-2 hybrid 
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simulation. Also, beam web buckling did not occur in the beam. The Rh/tw in the north-
bay beams is expected to be larger than that for the south-bay beams, but the axial 
forces were not measured in the north-bay beams. Therefore, Rh/tw for the north-bay 
beams was not calculated. However, based on observations, north-bay beam webs did 
not buckle during the MCE hybrid simulations. 
7.4. Evaluation of Transformation Factors for Structural Design Demands 
In Chapter 3, structural design demands for s (Eq. (3.7)) and r (Eq. (3.8)) were 
estimated using the transformation factors Cθ=1.5 and Crs=0.81. This section utilizes 
the peak responses of the SC-MRF test frame during the hybrid simulations to 
evaluate the values of the transformation factors. The results from the hybrid 
simulations (Table 6.6 for DBE, Table 6.7 for MCE, and Table 6.9 for AF) showed the 
largest peak responses for s and r occurred at the 4
th
 story and the 4
th
 floor. Table 7.6 
and Table 7.7 list the largest peak responses for rf,max, s,max, and r,max as well as the 
DBE and MCE design demands (from Table 3.5). Scatter plots of rf,max vs. s,max and 
s,max vs. r,max are shown in Figure 7.22(a) and (b), respectively. The regressions from 
Figure 7.22 give s,max=1.56rf,max and s,max=0.93r,max. The value of 1.56 is 4% higher 
than Cθ=1.5 used in Eq. (3.7) to estimate the s design demand. The value of 0.93 is 
15% higher than Crs=0.81 used in Eq. (3.8) to estimate the r design demand. By 
rounding off these values to an appropriate number of significant figures, Cθ=1.6 and 
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Crs=0.9 are the resulting transformation factors determined from the hybrid simulation 
results. 
The SC-MRF test structure represents the 4-story SC-MRF building (Chapter 3). It is 
interesting to see values of Cθ and Crs of SC-MRF buildings with various numbers of 
stories. Table 7.8 compares the values for Cθ and Crs of the 4-story SC-MRF with 
those of 3-story, 6-story, 9-story, and 20-story SC-MRFs. The values for Cθ and Crs of 
3-story, 9-story, and 20-story SC-MRF buildings are based on the time history 
analysis results by Herning et al. (2011). The values for Cθ and Crs of 6-story SC-MRF 
building are based on the time history analysis results by Rojas et al. (2005). Based on 
Table 7.8, Cθ=1.6 and Crs=0.9 are recommended for all SC-MRF buildings. Note that 
for buildings with fewer than four stories, Cθ less than 1.6 could be used based on 
Herning et al. (2011).  
7.5. Seismic Performance Evaluation 
This section evaluates the seismic performance of the SC-MRF test frame under the 
DBE and MCE. The evaluation is based on the DBE and MCE earthquake hybrid 
simulation results.  
7.5.1. IO Performance under the DBE 
Based on the test results described in Chapter 6 and Chapter 7, the SC-MRF test frame 
did not sustain significant damage or residual drift during the four DBE-level ground 
motions used in the hybrid simulations. Therefore, the performance objective to enable 
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IO performance (Section 3.4.2) under the DBE seismic input level was satisfied. As 
shown in Table 7.6, the pseudo-acceleration spectra (Figure 5.29) at the SC-MRF test 
structure 1
st
 mode period T1=1.26 sec (defined as Sa(T1)) under the DBE-1 and DBE-2 
hybrid simulations are less than the DBE Sa(T1) value (0.37g) for which the test frame 
was designed based on ASCE 7 (2005) (denoted DBE Design Demand in Table 7.6). 
During the DBE-1 and DBE-2 simulations, connection gap opening occurred, but 
yielding did not occur in the test frame. This damage-free performance is expected as 
indicated in Figure 3.5. During the DBE-3 simulation (where Sa(T1) is close to 0.37g), 
yielding occurred only at the column bases (see Section 6.3.3.3), and the largest value 
of the maximum beam flange strain at the end of the beam reinforcing plates 
rp,max=0.91y (Table 7.2). The column base yielding and this level of beam flange 
strain are expected at the IO performance level. During the DBE-4 simulation (where 
the Sa(T1) value exceeds 0.37g), the largest rp,max=1.02y, which is less than the 2y 
limit. This level of strain did not cause any significant damage or residual drift. As a 
result, the SC-MRF test structure achieved the DBE performance objective, which was 
to enable IO performance under the DBE. 
7.5.2. CP Performance under the MCE 
During the MCE hybrid simulations, the SC-MRF test frame yielded in the beam 
flanges at the end of the beam reinforcing plates with the largest strain greater than 2y 
(Table 7.2). This level of strain is permitted by the PBD criteria (Section 3.4.2). Beam 
web buckling did not occur in the SC-MRF test frame. During MCE-2 (which the 
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Sa(T1) value exceeds MCE design demand of 0.55g as shown in Table 7.7), the largest 
total PT force (Table 7.2) is 0.81Tu,n, and the PT strands did not yield. Since beam 
web buckling and PT strand yield did not occur during the MCE hybrid simulations, 
the SC-MRF satisfied the PBD criteria under the MCE and achieved CP performance. 
7.6. Discussion of Beam Axial Force and Moment Interaction Limit  
As presented in Section 3.4.5, Herning et al. (2011) use the P-M interaction design 
criterion (Eq. (3.29)) to control plastic deformation of the beam flange at the end of 
the beam reinforcing plate. To evaluate the design criterion of Herning et al. (2011), 
    is calculated using measurements from the SC-MRF test structure during the 
hybrid earthquake simulations as follows: 
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 (7.16)  
 where Pm is the measured south-bay beam axial force,        is the moment at the 
end of beam flange reinforcing plate interpolated from     ,    is the calculated beam 
axial yield force capacity, and   is the calculated flexural strength about the strong 
axis.    is equal to the static yield stress y (Table 4.7) multiplied by the beam cross 
section area A (Table 4.9), and   is equal to y (from Table 4.7) multiplied by the 
plastic modulus about the strong axis Zxx (Table 4.9). This use of y assumes the static 
yield stress of the beam web is the same as the static yield stress of the beam flange. 
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Since    and        are for the south-bay beams of the SC-MRF test frame.     is 
calculated for the SS and SN connections. Values of the maximum     (denoted 
      ) for the DBE-4 (where beam flange yielding occurred) and MCE-1 (where 
beam flange distortion occurred) are listed in Table 7.9.  
7.6.1. DBE-4 Simulation 
During the DBE-4 hybrid simulation, the south-bay beams of the SC-MRF test frame 
did not yield, and the largest       value is expected to be less than        =1.0 
under the DBE (Eq. (3.29)). In the south-bay beams, largest       =0.84 at the 1
st
 
floor, which is less than 1.0 as expected.  
During the DBE-4 hybrid simulation, yielding in the bottom flange at the south end of 
the north-bay beam (NS) at the 4
th
 floor (denoted 4FNS) was detected at the end of the 
reinforcing plate, where       =1.02  . Thus,        is estimated for the 4FNS 
connection at the time step of       =1.02  . This        calculation uses a beam 
axial force for the NS connection (      ) that is estimated as Texp+(3/4)F4,m, where 
F4,m is the measured floor inertial force from the actuator load cell at the 4
th
 floor. 
Texp+(3/4)F4,m is based on Eq. (4.7). This calculation also uses an estimated moment at 
the end of reinforcing plate at the NS connection (       ).        is equal to the 
moment at the NS connection, calculated using Eq. (7.3) with Pm=(3/4)F4,m, and then 
interpolated to the location at the end of the reinforcing plate.     for the 4FNS 
connection at the time step of       =1.02   during the DBE-4 hybrid simulation is 
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estimated as 1.15, which is greater than        =1.0 under the DBE (Eq. (3.29)). This 
result indicates using Eq. (7.16) or Eq. (3.29) to calculate     with        =1.0 under 
the DBE (Eq. (3.29)) is effective for controlling the beam flange yielding but more 
conservative than the design criterion used to design the SC-MRF test frame (i.e., 
      <    ). In addition, using this design formula (Eq. (3.29)) involves less 
calculation effort than calculating the beam flange strain for the DBE as required for 
Eq. (3.28). 
7.6.2. MCE-1 Simulation 
For the MCE-1 hybrid simulation,        for the south-bay beams of the SC-MRF 
test frame is calculated and listed in Table 7.9. The largest       =0.86 at the 1
st
 
floor, which is less than        =1.12 under the MCE (Eq. (3.29)) as expected, since 
the south-bay beam did not yield during the MCE-1 hybrid simulation.  
Beam flange distortion occurred at the south end of the north-bay beam (NS). Using 
the same approach used for the DBE-4 hybrid simulation,     is estimated for the NS 
connection for several time steps before the occurrence of the flange distortion. The 
estimated     values range from 1.35 to 1.38, which are greater than        =1.12 
under the MCE (Eq. (3.29)). These results indicate that using Eq. (7.16) or Eq. (3.29) 
to calculate     with        =1.12 under the MCE is effective for avoiding beam 
flange distortion, but is more conservative than the design criterion used to design the 
SC-MRF test frame.  
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Table 7.1 Ratios of MIGO,exp to MIGO,c,m-d-P and MIGO,c,m-d-T  
Hybrid 
Simulation 
Floor 
MIGO,exp / MIGO,c,m-d-P MIGO,exp / MIGO,c,m-d-T 
SS SN SS SN 
 4
th
 0.91 0.96 0.96 1.01 
DBE-3 3
rd
 0.96 0.97 0.88 0.89 
 2
nd
 1.03 1.03 0.97 0.97 
 1
st
 1.01 1.00 0.92 0.92 
 4
th
 0.95 0.97 1.01 1.02 
DBE-4 3
rd
 0.91 0.88 0.83 0.80 
 2
nd
 0.97 1.00 0.91 0.94 
 1
st
 1.04 0.94 0.94 0.85 
 4
th
 0.97 1.00 1.04 1.07 
MCE-1 3
rd
 1.03 1.09 0.94 0.99 
 2
nd
 1.00 1.00 0.95 0.95 
 1
st
 1.06 0.93 0.97 0.85 
 4
th
 0.96 0.88 1.03 0.94 
MCE-2 3
rd
 0.87 0.87 0.78 0.78 
 2
nd
 1.00 0.99 0.96 0.95 
 1
st
 1.02 0.99 0.92 0.89 
 Average = 0.98 Average = 0.94 
 
 
 
 
Table 7.2 Peak response of beam flange strain and total PT force of SC-MRF test frame 
under the hybrid simulations 
Hybrid 
Simulation 
           
* 
Tmax/Tu,n 
** 
DBE-1 0.75 0.50 
DBE-2 0.85 0.60 
DBE-3 0.91 0.65 
DBE-4 1.02 0.68 
MCE-1 8.65 0.72 
MCE-2 9.02 0.81 
AF-1 -- 0.59 
AF-2 -- 0.59 
* required to be less than 2.0 under DBE 
* required to be less than 0.81 under MCE 
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Table 7.3 RLrp,c,max in south-bay beams 
Hybrid Simulation Floor 
Rrp,c,max 
for SS 
Rrp,c,max 
for SN  
 
4
th
 0.19 0.09 
DBE-3 3
rd
 0.27 0.19 
 
2
nd
 0.44 0.35 
 
1
st
 0.64 0.50 
 
4
th
 0.47 0.24 
DBE-4 3
rd
 0.80 0.55 
 
2
nd
 0.53 0.42 
 
1
st
 0.70 0.56 
 
 
 
Table 7.4 RArp,c,max in south-bay beams.  
Hybrid Simulation Floor 
RArp,c,max  
for SS and SN* 
 
4
th
 0.05 
DBE-3 3
rd
 0.11 
 
2
nd
 0.37 
 
1
st
 0.49 
 
4
th
 0.13 
DBE-4 3
rd
 0.32 
 
2
nd
 0.45 
 
1
st
 0.54 
* SS and SN have same value of RArp,c 
 
 
 
Table 7.5 Rh/tw, max from the MCE hybrid simulations. 
Hybrid Simulation Floor Rh/tw,max 
 
4
th
 0.80 
MCE-1 3
rd
 0.88 
 
2
nd
 0.78 
 
1
st
 0.79 
 
4
th
 0.80 
MCE-2 3
rd
 0.90 
 
2
nd
 0.80 
 
1
st
 0.81 
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Table 7.6 DBE hybrid simulation peak response compared to design demands. 
 
Sa(T1) 
at T1=1.26 sec 
 (g) 
rf,max 
(%rad) 
s,max 
(%rad) 
     
(%rad) 
DBE Design Demand 0.37 2.6 3.9 3.1 
DBE-1 Hybrid Simulation 0.24 1.4 1.8 1.3 
DBE-2 Hybrid Simulation 0.26 1.7 2.9 2.7 
DBE-3 Hybrid Simulation 0.38 2.8 3.9 3.8 
DBE-4 Hybrid Simulation 0.48 3.5 4.9 4.4 
 
 
 
Table 7.7 MCE hybrid simulation peak responses compared to design demands 
 
Sa(T1) 
at T1=1.26 sec 
 (g) 
rf,max 
(%rad) 
s,max 
(%rad) 
     
(%rad) 
MCE Design Demand 0.55 3.9 5.9 4.7 
MCE-1 Hybrid Simulation 0.67 3.2 5.8 5.4 
MCE-2 Hybrid Simulation 0.65 4.6 7.2 6.7 
 
 
 
 
Table 7.8 Average transformation factors for multi-story SC-MRF systems. 
Number of 
Stories 
Cθ Crs Reference 
3 1.1 0.9 Herning et al. (2011) 
4 1.6 0.9 Present research 
6 1.5 0.8 Rojas et al. (2005) 
9 1.6 0.9 Herning et al. (2011) 
20 1.5 0.8 Herning et al. (2011) 
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Table 7.9 RPM, max from MCE-1 hybrid simulations 
Hybrid Simulation Floor 
RPM,max 
for SS 
RPM,max 
for SN 
 
4
th
 0.66 0.65 
DBE-4 3
rd
 0.76 0.68 
 
2
nd
 0.79 0.74 
 
1
st
 0.84 0.79 
 4
th
 0.54 0.54 
MCE-1 3
rd
 0.71 0.65 
 2
nd
 0.80 0.75 
 1
st
 0.86 0.81 
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Figure 7.1 Mc,m-r,exp and Mexp-r,exp during DBE-3 simulation: (a) 4FSS, (b) 3FSS, (c) 
2FSS, and (d) 1FSS connections. 
 
 
 
Figure 7.2 Mc,m-r,exp and Mexp-r,exp during DBE-4 simulation: (a) 4FSS, (b) 3FSS, (c) 
2FSS, and (d) 1FSS connections. 
(b) (a) 
(d) (c) 
Mexp 
Mc,m 
(b) (a) 
(d) (c) 
Mexp 
Mc,m 
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Figure 7.3 Normalized Nb,m vs. r,exp during DBE-4 simulation: (a) 4FSS, (b) 3FSS, 
(c) 2FSS, and (d) 1FSS connections. 
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Figure 7.4 Mc,m-d-r,exp  and Mexp-r,exp during DBE-2  simulation: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
 
 
(b) (a) 
(d) (c) 
(e) (f) 
(g) (h) 
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Figure 7.5 Mc,m-d-r,exp  and Mexp-r,exp during DBE-3  simulation: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
 
 
(e) (f) 
(g) (h) 
(b) (a) 
(d) (c) 
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Figure 7.6 Mc,m-d-r,exp  and Mexp-r,exp during DBE-4 simulation: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
 
 
(b) (a) 
(d) (c) 
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Figure 7.7 Mc,m-d-r,exp  and Mexp-r,exp during MCE-1  simulation: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 7.8 Mc,m-d-r,exp  and Mexp-r,exp during MCE-2 simulation: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 7.9 MIGO,c,m-d-T and MIGO,c,m-d-P compared to Mexp during DBE-3 simulation: (a) 
4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN 
connections. 
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Figure 7.10 MIGO,c,m-d-T and MIGO,c,m-d-P compared to Mexp during DBE-4 simulation: 
(a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN 
connections. 
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Figure 7.11 MIGO,c,m-d-T and MIGO,c,m-d-P compared to Mexp during MCE-1 simulation: 
(a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN 
connections. 
(b) (a) 
(d) (c) 
(e) (f) 
(g) (h) 
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Figure 7.12 MIGO,c,m-d-T and MIGO,c,m-d-P compared to Mexp during MCE-2 simulation: 
(a) 4FSS, (b) 4FSN, (c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN 
connections. 
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Figure 7.13 Normalized Texp and Tc,m-n vs. r,expθ  
during DBE-3 simulation: (a) 4
th
, (b) 
3
rd
, (c) 2
nd
, and (d) 1
st
 floors. 
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Figure 7.14 Normalized Texp and Tc,m-n vs. r,expθ  
during DBE-4 simulation: (a) 4
th
, (b) 
3
rd
, (c) 2
nd
, and (d) 1
st
 floors. 
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Figure 7.15 Normalized Texp and Tc,m-n vs. r,expθ  
during MCE-1 simulation: (a) 4
th
, (b) 
3
rd
, (c) 2
nd
, and (d) 1
st
 floors.  
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Figure 7.16 Normalized Texp and Tc,m-n vs. r,expθ  
during MCE-2 simulation: (a) 4
th
, (b) 
3
rd
, (c) 2
nd
, and (d) 1
st
 floors. 
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Figure 7.17 Pfd,s,c-Pm-Tm and Pfd,s,c-m-a vs. Fi,m during DBE-3 simulation: (a) 4
th
, (b) 3
rd
, 
(c) 2
nd
, and (d) 1
st
 floors. 
 
 
Figure 7.18 Pfd,s,c-dPm-dTm and Pfd,s,c-m-a vs. Fi,m during DBE-3 simulation: (a) 4
th
, (b) 3
rd
, 
(c) 2
nd
, and (d) 1
st
 floors. 
(b) (a) 
(d) (c) 
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Pfd,s,c-m-a 
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Figure 7.19 Pfd,s,c-dPm-dTm and Pfd,s,c-m-a vs. Fi,m during DBE-4 simulation: (a) 4
th
, (b) 3
rd
, 
(c) 2
nd
, and (d) 1
st
 floors. 
 
 
Figure 7.20 Pfd,s,c-dPm-dTm and Pfd,s,c-m-a vs. Fi,m during MCE-1 simulation: (a) 4
th
, (b) 3
rd
, 
(c) 2
nd
, and (d) 1
st
 floors. 
(b) (a) 
(d) (c) 
Pfd,s,c-Pm-Tm 
Pfd,s,c-m-a 
(b) (a) 
(d) (c) 
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Figure 7.21 Pfd,s,c-dPm-dTm and Pfd,s,c-m-a vs. Fi,m during MCE-2 simulation: (a) 4
th
, (b) 3
rd
, 
(c) 2
nd
, and (d) 1
st
 floors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.22 Scatter plot for (a) s,maxθ  vs. rf,maxθ and (b) r,maxθ  vs. s,maxθ at 4
th
 story from 
the hybrid simulations. 
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Chapter 8 
Nonlinear Analytical Response of the SC-MRF Test 
Structure 
8.1. Introduction 
This chapter describes the nonlinear analytical model of the SC-MRF test structure 
used in this research and related analytical results. The nonlinear model was created 
using the Open System for Earthquake Engineering Simulation (OpenSEES) software 
(Mazzoni et al. 2009). A summary of the model is given in this chapter. Full modeling 
details are reported by Seo et al. (2012). Results from static and dynamic analyses are 
compared with experimental results. Statistics of the maximum responses of the SC-
MRF test structure model from time history analyses are used to make a probabilistic 
assessment of the design demands and performance of the SC-MRF test frame. 
8.2. Nonlinear Model for the SC-MRF Test Structure 
This section summarizes the nonlinear analytical model of the SC-MRF test structure. 
A schematic elevation of the model is shown in Figure 8.1. The model was created to 
capture the experimental response of the SC-MRF test structure. As described in 
Section 5.4.3, the complete prototype SC-MRF building was idealized so that only 
one-quarter of the building was considered. A 0.6-scale SC-MRF (i.e., the SC-MRF 
test frame) and a 0.6-scale gravity frame of the one-quarter building were simulated in 
the laboratory as experimental and analytical substructures, respectively (see Section 
 273 
5.4.3). Therefore, the model for the SC-MRF test structure is intended to represent the 
earthquake response of the whole prototype building. Similar to the hybrid earthquake 
simulations, the SC-MRF test structure model (Figure 8.1) includes a model for the 
SC-MRF test frame (i.e., the experimental substructure) and a model for the lean-on 
column (i.e., the analytical substructure) which includes the gravity columns, gravity 
loads, and mass of the one-quarter building. The SC-MRF test structure model is a 
two-dimensional structure, where each node has three degrees of freedom: two 
orthogonal displacements and one in-plane rotation.  
8.2.1. Model for SC-MRF Test Frame 
The beams and columns are modeled using bi-linear beam-column fiber elements. 
Each element has 60 fibers along the depth (20 fibers for each flange and 20 for the 
web) and 10 segments along the length. 
The SC-WFD connection modeling details are shown in Figure 8.2. The panel zone is 
modeled using the panel zone element, which has four nodes and nine deformation 
modes as shown in Figure 8.3. Details of the panel zone element are given by Seo et 
al. (2012). The friction channels of each WFD are modeled using a beam-column 
element to account for the friction channel flexibility in bending and shear. The 
element length is the distance from the column face to a theoretical location of the 
friction force resultant. The friction force in each WFD is modeled using the bi-
direction friction element (Seo et al. 2012) added to OpenSEES. At the beam-to-
column interface, the gap opening and the resultant of the beam flange contact stresses 
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(i.e., the contact force) are modeled using compression-only elastic spring elements, 
with one element at each beam flange.  
The set of PT strands at each floor level is modeled by a single tri-linear truss element 
with end nodes located at the exterior nodes of the panel zones of the north and south 
columns as shown in Figure 8.4. 
The SC-MRF test frame model at the base level has pin supports as used in the SC-
MRF test frame in the laboratory (Section 4.3). The model at the ground level includes 
elastic truss elements to model the ground links of the SC-MRF test frame in the 
laboratory. The axial stiffness of the truss element is equal to 2325 kip/in for the south 
ground link and is equal to 2132 kip/in for the north ground link. These values are 
determined from the earthquake simulation results as described in Section 6.3.2. The 
slip in the north ground link reported in Section 6.3.2 is not included in the model. 
Material deterioration, member buckling, and PT strand fracture behavior are not 
included in the model. 
8.2.2. Model for Lean-On Column 
The lean-on column as shown in Figure 8.1 is modeled using a single elastic-beam-
column element for each story. The lean-on column section properties are determined 
by combining the section properties at 0.6 scale of the gravity columns within one 
quarter of the prototype building. The gravity loads applied to the lean-on column are 
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listed in Table 5.4. When the model displaces laterally, the gravity loads on the lean-
on column produce the P- effects of one quarter of the prototype building. 
8.2.3. Seismic Mass, Inertia Force Transfer, and Inherent Damping 
The masses listed in Table 5.2 are lumped at the lean-on column nodes as shown in 
Figure 8.1. In the FD bay (i.e., the north bay), at each floor level, the beam quarter 
point nodes are slaved to the node of the lean-on column, and inertia forces are 
therefore transferred to the FD bay beams of the model in the same way the actuator 
forces are transferred to the SC-MRF test frame in the laboratory. The axial flexibility 
of the loading beams is neglected. Rayleigh damping with damping ratios equal to 2% 
in the 1
st
 mode and 5% in the 3
rd
 mode is used to model the inherent damping of the 
SC-MRF test structure. The resulting damping ratio in the 2
nd
 mode is 2.8%. The 2% 
damping ratio was specified for the 1
st
 mode so that excessive damping in the 1
st
 and 
2
nd
 modes would not artificially reduce the seismic response of the SC-MRF test 
structure. 
8.2.4. Comparison of Analytical Results with Experimental Results  
This section compares the results from the analytical model to the experimental 
results. In these initial analyses, the lean-on column is omitted and only the SC-MRF 
test frame is included in the models. Two versions of the model for the SC-MRF test 
frame (TFM1 and TFM2) are presented. TFM2 includes the effect of the beam flange 
contact flexibility (as discussed in Section 6.2). The purpose of TFM1 is to understand 
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the response of the SC-MRF test frame without considering the effect of the beam 
flange contact flexibility. The beam flange contact with the shim plate on the column 
flange is modeled using a compression-only elastic spring element with the force-
deformation relationship shown in Figure 8.5, where kbfc is the compression stiffness 
of the beam flange contact spring. kbfc=130000 kip/in given by Seo et al. (2012) is 
used for TFM1. This value of kbfc is denoted kbfc,TFM1. In TFM2, kbfc=0.3kbfc,TFM1 
(reported by Seo et al. (2012)) is used to account for the effect of the beam flange 
contact flexibility at the beam-to-column interface. In summary, TFM1 models the 
SC-MRF test frame with an idealized stiff beam flange contact condition. TFM2 
models the final SC-MRF test frame construction conditions (i.e., Case V as presented 
in Section 6.2.1).  
TFM2 model was used to generate seismic response statistics for the SC-MRF test 
structure which then were used in a probabilistic assessment of the response and 
performance of the structure. The following sections present static analytical results 
from TFM1 and TFM2 compared to experimental results from static tests. Time 
history analytical results from TFM2 are also presented and compared to experimental 
results from the DBE-4 and MCE-2 hybrid simulations. Other analytical results are 
reported by Seo et al. (2012). 
8.2.4.1. Connection Moment-Rotation Response 
The analytical connection M-r results from TFM1 and TFM2 are compared with the 
results from the CB-4 test in Figure 8.6 and Figure 8.7, respectively. In Figure 8.6 and 
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Figure 8.7, the notation 4FSS represents the connection located at the south end of the 
south-bay beam in the 4
th
 floor; the notation 4FSN represents the connection at the 
north end of the south-bay beam in the 4
th
 floor. Similarly, 3FSS and 3FSN, 2FSS and 
2FSN, and 1FSS and 1FSN represent the corresponding connections in the 3
rd
, 2
nd
, and 
1
st
 floors. As discussed in Section 6.2, the CB-4 test was conducted with the test frame 
in construction condition Case V, which is the condition used for the hybrid 
earthquake simulations. Figure 8.6 shows that the connection M-r response from 
TFM1 is quite different from the experimental results. The connection M-r initial 
stiffness from TFM1 is much higher than that of the experimental results. The 
analytical response from TFM1 is closer to the conceptual connection M-r behavior 
discussed in Section 3.3.2. Figure 8.7 shows that the connection M-r response from 
TFM2 is closer to the experimental results. By reducing the value of kbfc, the M-r 
initial stiffness from TFM2 is closer to that of the experimental results. These 
analytical results support the observation given in Section 6.2 that the connection M-r 
initial stiffness is significantly affected by the beam flange contact condition and 
contact flexibility. 
8.2.4.2. Elastic Stiffness Matrix 
Table 8.1, Table 8.2, and Table 8.3, respectively, show the SC-MRF test frame elastic 
stiffness matrix from the TFM1 model, the TFM2 model, and the ST-C test. During 
the ST-C test, the test frame had construction condition Case V as in the CB-4 test, as 
discussed in Section 6.2.2. The stiffness matrices from TFM1 and TFM2 were 
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obtained using a unit displacement method. The coefficients in the matrix from TFM1 
are higher than those from the experiment. After reducing kbfc, the coefficients of the 
stiffness matrix from TFM2 are about 10% less than those from TFM1. The stiffness 
matrix coefficients from TFM2 are closer to the experimental results than those from 
TFM1.  
8.2.4.3. Static Push Analysis 
Based on the above analytical results, the TFM2 model was selected for the remaining 
analytical studies. Therefore, the static push analytical results for the SC-MRF test 
structure are based on the TFM2 model with the lean-on column model (including the 
gravity column stiffness and the P- effects) included. The lateral force profile used in 
the static push analysis is listed in Table 8.4. The profile is proportional to the ELF 
corresponding to Vdes for the complete prototype building. The static push analysis 
used a force control analysis method. During the analysis, the lateral force profile was 
scaled up gradually until a specified maximum 4
th
 floor displacement was reached. 
The push analytical result is illustrated in Figure 8.8, where Vbase,TS is the base shear of 
the SC-MRF test structure model (which includes TFM2 and the lean-on column), and 
Ws,TS is the seismic weight of the 0.6-scale one-quarter building. Ws,TS equals one 
quarter of the seismic weight for the complete prototype building multiplied by the 
force scale factor as listed Table 4.1. When Vbase,TS/Ws,TS= 0.08 is reached, a softening 
of the lateral force-lateral drift response (Figure 8.8) occurred. Note that Vdes/W=0.08 
for the complete prototype SC-MRF building design (as described in Section 3.5.3). 
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This softening response was due to gap opening of most of the connections. The 
softening response before Vbase,TS/Ws,TS=0.08 was due to the flexibility of the friction 
channels. Column base yielding occurred before the design demand for rf,DBE=2.6% is 
reached. Beam flange yielding occurred right after the design demand for rf,DBE=2.6% 
is reached. The column base yielding and beam flange yielding are allowed to occur 
under the DBE (as permitted by the PBD criteria discussed in Section 3.4.5). The 
column base yielding and beam flange yielding caused additional softening behavior 
in the lateral force-lateral drift response (Figure 8.8). In the 3
rd
 floor, the maximum 
total PT strand force reaches 0.9Ty,n (i.e., the PT force limit in Eq. (3.38) for the PT 
strand yield criterion) after the design demand for rf,MCE=3.9% was exceeded, which 
is the expected response of the SC-MRF (Section 3.4.2).  
Vbase,TS/Ws,TS=0.132 when the design demand for rf,DBE=2.6% rad is reached, and 
Vbase,TS /Ws,TF=0.154 when the design demand for rf,MCE=3.9% rad is reached. The 
Vdes/W values of the SC-MRF building equals 0.08. The overstrength of the SC-MRF 
test frame is therefore equals 1.65 under the DBE and 1.93 under the MCE. 
Connection gap opening in the connection, column base yielding, and beam flange 
yielding did not limit the SC-MRF strength. The SC-MRF lateral force resistance 
increases even after rf,DBE=2.6% rad and rf,MCE=3.9% rad are reached. 
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8.2.4.4. Time History Analysis 
The floor displacements from time history analyses of the SC-MRF test structure 
model (which includes TFM2 and the lean-on column) under the DBE-4 and MCE-2 
ground motions are compared with the displacements from the hybrid earthquake 
simulations in Figure 8.9 and Figure 8.10. The analytical and experimental results for 
the connection M-r response under the DBE-4 and MCE-2 ground motions are 
compared in Figure 8.11 and Figure 8.12. Reasonable agreement between the 
analytical and experimental results for the floor displacements and connection M-r 
responses can be seen in these figures. Therefore, the SC-MRF test structure model is 
shown to be able to capture the experimental floor displacements and M-r responses 
from the earthquake simulations. Time history analytical results and comparisons 
(including those for the DBE-1, DBE-2, DBE-3, and MCE-1 ground motions) are 
documented by Seo et al. (2012). 
8.3. Probabilistic Assessment of rθ  Design Demand 
In this section, the discussion will focus on the response of the average connection 
relative rotation over a floor level ( rθ as denoted in Section 3.3.2), since rθ  is an 
important parameter which strongly influences the forces in the members and PT 
strands (as described in Section 3.4). The maximum rθ  response among the floors of 
the SC-MRF test structure is denoted as       . The probability of the largest       
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response over the time history of nonlinear analyses exceeding the rθ  design demand 
will be calculated to assess the rθ  design demand. 
Using the SC-MRF test structure model, time history analyses were performed for 15 
pairs of ground motions (Seo et al. 2012). From these time history analyses, the largest 
r,maxθ  response over the time history was recorded for each ground motion. The largest 
r,maxθ  under each ground motion occurred in the 4
th
 floor of the SC-MRF test structure, 
which is similar to the results from the hybrid earthquake simulations (Section 6.3). 
The statistics for the largest r,maxθ  response from the time history analyses under the 
DBE and MCE (denoted as r,DBE,anθ  and r,MCE,anθ , respectively) were determined (Table 
8.5). r,DBE,anθ  and r,MCE,anθ  are assumed to be log-normally distributed, and their 
probability density functions (PDFs) based on the mean and standard deviation listed 
in Table 8.5 are shown in Figure 8.13. Figure 8.13 also shows the rθ  design demands 
under the DBE r,DBE,desθ = 3.1% rad and under the MCE r,MCE,desθ = 4.7% rad (i.e., the 
values given in Table 3.5 and Section 3.4). r,DBE,desθ = 3.1% rad is close to the median 
r,DBE,anθ = 3.0% rad (Table 8.5). The bias between r,DBE,desθ  and the median r,DBE,anθ  
(Figure 8.13(a)) is small. r,MCE,desθ = 4.7% rad is less than the median r,MCE,anθ = 5.3% 
rad (Table 8.5). The bias between r,MCE,desθ  and the median r,MCE,anθ  (Figure 8.13(b)) is 
0.6% rad. 
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To estimate the probability of the largest r,maxθ  response exceeding the rθ  design 
demands under the DBE and the MCE, the following integrals are used: 
 
r,max r,DBE,des θθ r,DBE,anr,DBE,des
(P(θ >θ )= PDF x)dx

  (8.1)  
 
r,max r,MCE,des θθ r,MCE,anr,MCE,des
(P(θ >θ )= PDF x)dx

  (8.2)  
where 
θ
r,DBE,an
PDF is the PDF for r,DBE,anθ , and 
θ
r,MCE,an
PDF is the PDF for r,MCE,anθ . 
From Eq. (8.1) and Eq. (8.2), it can be calculated that there is a 45% probability that 
the largest r,maxθ  will exceed r,DBE,desθ  for the DBE, and there is a 63% probability that 
the largest r,maxθ  will exceed r,MCE,desθ  for the MCE. These probabilities are expected to 
be close to 50% since the design forces for the SC-MRF prototype building from 
ASCE7 (2005) are median values, and C=1.5 and Crs=0.81 used in the PBD (Section 
3.4.2.1) to estimate rθ  design demands are based on average analytical results from 
Rojas (2003). The 63% probability under the MCE indicates that an improved estimate 
of the r,MCEθ  design demand is needed to reduce the probability that the design demand 
is exceeded.  
As presented in Section 7.4, C=1.6 and Crs=0.9 are the recommended transformation 
factors for 4-story SC-MRF buildings. Using these values, r,DBE,desθ =3.7% rad and 
r,MCE,desθ =5.6% are calculated. r,DBE,desθ =3.7% rad is larger than the median r,DBE,anθ
=3.0% rad (Table 8.5). r,MCE,desθ =5.6% rad is larger than the median r,MCE,anθ =5.3% rad 
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(Table 8.5). Using Eq. (8.l) and (8.2), the new probability of the design demand being 
exceeded is found to be 30% under the DBE and 45% under the MCE, respectively. 
This result shows that using the new recommended values, C=1.6 and Crs=0.9, gives 
a lower probability of the design demand being exceeded.   
8.4. Probabilistic Assessment of PT Strand Fracture under MCE 
The MCE-level design criteria (Section 3.4.5.2) are to avoid PT strand yielding and 
beam web buckling. PT strand yielding may lead to strand fracture. Strand fracture 
may lead to collapse. This section focuses on the probability of strand yield and 
fracture under the MCE and the probability of the largest total PT strand force 
response under the MCE exceeding the design demand and design limits. These 
probabilities will be used to assess the use of 90% of the nominal total PT strand yield 
force in the strand yield criterion (Eq. (3.38)). 
For the study of the PT strand fracture probability, the maximum total PT force among 
the floors of the SC-MRF is denoted as Tmax. The largest Tmax over the time history of 
the nonlinear analyses under the MCE (denoted as TMCE,an) can be calculated using Eq. 
(3.23) and r,DBE,anθ . The derived PDF for the largest Tmax under the MCE (          ) 
is derived as follows: 
 
                       
      
     
  (8.3)  
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where            is the derived PDF for MCE,anT , and θ
r,MCE,an
PDF is the PDF for 
r,MCE,anθ and is given in Section 8.3. The    r,MCEθ         term is calculated from Eq. 
(3.23). Thus,             is expressed as follows: 
 
                           
    
     
  (8.4)  
In Eq. (8.4),           
 
is calculated using nominal values for kb, ks, and d2. Figure 
8.14 shows           . Eq. (3.23) shows that TMCE is linearly proportional to        
When       is large enough to cause PT strand yielding, the actual total PT strand 
force is less than TMCE calculated from Eq. (3.23) because the PT strands will not be 
linear elastic after yielding. As a result, the PDF of the actual total PT strand force will 
be more widely distributed (i.e., larger standard deviation) than the            shown 
in Figure 8.14. In addition, the median of the actual PT strand force will be less than 
that of           . Since Eq. (3.23) overestimates the total PT strand force beyond the 
yielding point, using            results in an overestimate of the probability of PT 
strand yielding and fracture. The probability is an upper bound. Figure 8.14 is also 
marked with the total PT strand force design demand under the MCE (TMCE,des), the 
total PT strand nominal ultimate force capacity (Tu,n), 0.9Tu,n (the nominal total PT 
yield force Ty,n defined by ASTM A416), and 0.81Tu,n (i.e., 0.9Ty,n used in Eq. (3.38) 
for the PT strand yield criterion). TMCE,des=125 kip is calculated from Eq. (3.23) using 
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the design demand r,MCEθ =4.7% rad (Table 3.5) and the nominal values for the rest of 
the parameters. The median value of  TMCE,an=132 kip, as listed in Table 8.6.  
The probability of TMCE,an
 
exceeding TMCE,des, P(TMCE,an≥TMCE,des)=63%. This 
probability is larger than the expected 50% probability because TMCE,des=125 kip is 
less than the median TMCE,an=132 kip. This result is consistent with the median 
r,MCE,anθ  being less than the r,MCEθ  design demand as discussed in previous section. The 
probability of MCE,anT exceeding 0.81Tu,n, P(TMCE,an≥0.81Tu,n)=46% as listed in Table 
8.7, which is less than but close to the expected 50% probability. The probability of 
MCE,anT  
exceeding 0.9Tu,n, P(TMCE,an≥0.9Tu,n)=24% (Table 8.7), and the probability of 
MCE,anT  
exceeding Tu,n, P(TMCE,an≥Tu,n)=11% (Table 8.7). The P(TMCE,an≥Tu,n) and 
P(TMCE,an≥0.9Tu,n) are less than P(TMCE,an ≥0.81Tu,n)=46% since 0.9Tu,n and Tu,n are 
further above the median MCE,anT  than 0.81Tu,n. Tu,n is the nominal PT strand fracture 
force capacity. Therefore, using 0.9Ty,n in Eq. (3.39) for the PT strand yield criterion 
gives 11% probability of the maximum total PT force exceeding Tu,n and creates 
reasonable safety margin from nominal strand fracture. Note that these probabilities 
are the upper bound values, since TMCE,an is derived from r,MCE,anθ  using Eq. (3.23) 
with linear elastic coefficients.  
The ultimate capacity of PT strands with anchors (Walsh and Kurama, 2010) can be 
less than the nominal ultimate capacity of PT strands, because the wedges in the 
anchors may bite into the strands and decrease the strand stress at fracture. A lower 
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strand stress at fracture can increase the probability of PT strand fracture under the 
MCE. The following studies consider this anchor effect by using the mean and 
standard deviation of the fracture stress of strands with anchors su,a (Table 8.8) given 
by Walsh and Kurama (2010). The mean and standard deviation of the total PT strand 
ultimate force of strands with anchors (Tu,a), as listed in Table 8.8, can be calculated 
using Eq. (3.39) by replacing su with the mean and standard deviation of su,a, 
respectively. su,a is assumed to be normally distributed, and the calculated Tu,a is 
therefore normally distributed. The PDF for Tu,a is illustrated in Figure 8.14 and 
compared with Tu,n=165 kip. The mean Tu,a=162 kip is lower than Tu,n=165 kip since 
the mean value of su,a=260 ksi is smaller than su.  
The PDF for Tu,a is compared with the PDF for TMCE,an in Figure 8.14. The probability 
of MCE,anT  
exceeding Tu,a, P(TMCE,an≥Tu,a), is calculated using the following 
convolution integral: 
  
 (            )  ∫ {∫             
 
 
}
 
 
                (8.5)  
where        is the PDF for Tu,a, and            is the PDF for MCE,anT given earlier 
in this section.                =13% (as listed Table 8.7).                 is 2% 
higher than P(TMCE,an≥Tu,n)=11% since the mean Tu,a=162 kip is 3 kip lower than 
Tu,n=165 kip. As noted earlier in this section, these probabilities are upper bound 
values, since TMCE,an is derived from r,MCE,anθ  using Eq. (3.23) where TMCE,an and 
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r,MCE,anθ  are related by linear elastic coefficients. These probabilities are upper bound 
values. The probability study shows that using 0.9Ty,n in Eq. (3.38) for the PT strand 
yield criterion gives a low probability of PT strand fracture under the MCE even if the 
anchor effect is considered. 
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Table 8.1 SC-MRF test frame elastic stiffness matrix from TFM1 model 
 Floor 1
st
  2
nd
  3
rd
  4
th
  
Analysis 
TFM1 
4
th
   830 -595  104 -4 
3
rd
  -595  1025 -598  90 
2
nd
   104 -598  832 -333 
1
st
  -4  90 -333  246 
 
 
Table 8.2 SC-MRF test frame elastic stiffness matrix from TFM2 model 
 Floor 1
st
  2
nd
  3
rd
  4
th
  
Analysis 
TFM2 
4
th
   789 -564  108 -6 
3
rd
  -564  946 -559  94 
2
nd
   108 -559  772 -311 
1
st
  -6  94 -311  215 
 
 
Table 8.3 SC-MRF test frame elastic stiffness matrix from ST-C experiment 
 Floor 1
st
  2
nd
  3
rd
  4
th
  
Experiment 
ST-C 
4
th
   724 -507  96 -15 
3
rd
  -488  863 -520  97 
2
nd
  76 -524  761 -321 
1
st
  -7  93 -323  237 
 
 
Table 8.4 Floor lateral force profile for static push analysis 
Floor 
Floor lateral force  
(kips) 
4
th
   0.44 
3
rd
   0.29 
2
nd
   0.18 
1
st
   0.09 
 
 
Table 8.5 Statistics for maximum average connection relative rotation response from 
time history analyses in 4
th
 floor of SC-MRF test frame 
 r,DBE,an
θ   
(% rad) 
r,MCE,anθ   
(% rad) 
Median 3.0 5.3 
Lognormal  
standard deviation 
0.40 0.36 
 289 
 
 
Table 8.6 Statistics for maximum total PT force response in 4
th
 floor of SC-MRF test 
frame under MCE 
 
TMCE,an 
(kip) 
Median 132 
 
 
Table 8.7 Probability of exceedance for maximum total PT force under MCE. 
P(TMCE,an ≥ 0.81Tu,n) P(TMCE,an ≥ 0.9Tu,n) P(TMCE,an ≥ Tu,n) P(TMCE,an ≥ Tu,a) 
46% 24% 11% 13% 
 
 
Table 8.8 Statistics for fracture capacity of strands with anchorages. 
 
Tu,a  
(kip) 
su,a 
(ksi) 
Mean 162 264 
Standard deviation 1.4 2.3 
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Figure 8.1 Schematic elevation of nonlinear analytical model for SC-MRF test 
structure. 
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Figure 8.2 Model for SC-WFD connections. 
 
 
 
 
Figure 8.3 Nine deformation modes of panel zone element. 
 
 
 
 
 
Friction element 
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Figure 8.4 Truss element to model PT strand bundle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Force-deformation relationship of compression-only elastic spring element 
for beam-to-column contact interface. 
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Figure 8.6 Analytical-experimental M- rθ  comparison for TFM1: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
(b) (a) 
(d) (c) 
(f) (e) 
(h) (g) 
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Figure 8.7 Analytical-experimental M- rθ  comparison for TFM2: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 8.8 Static push analytical result for SC-MRF test structure model. 
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Figure 8.9 Analytical-experimental floor displacement time history comparison for 
DBE-4: (a) 4
th
, (b) 3
rd
, (c) 2
nd
, and (d) 1
st
 floors. 
 
(a)                  
(b)                  
(c)                  
(d)                  
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Figure 8.10 Analytical-experimental floor displacement time history comparison for 
MCE-2: (a) 4
th
, (b) 3
rd
, (c) 2
nd
, and (d) 1
st
 floors. 
 
 
(a)                  
(b)                  
(c)                  
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Figure 8.11 Analytical-experimental M-r comparison for DBE-4: (a) 4FSS, (b) 4FSN, 
(c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
 
 
 
 
(a)                                                                (b) 
(c)                                                                (d) 
(e)                                                                (f) 
(g)                                                                (h) 
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Figure 8.12 Analytical-experimental M-r comparison for MCE-2: (a) 4FSS, (b) 
4FSN, (c) 3FSS, (d) 3FSN, (e) 2FSS, (f) 2FSN, (g) 1FSS, and (h) 1FSN connections. 
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Figure 8.13 Probability density functions for maximum rθ  response for (a) DBE and 
(b) MCE. 
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Figure 8.14 Probability density functions of total PT force demand and capacity under 
MCE at 4
th
 floor. 
 
 
Tu,n 
0.9Tu,n 
0.81Tu,n 
           
(a) 
Mean Tu,a 
TMCE,des 
Median TMCE,an 
        
 302 
Chapter 9  
Extreme MCE-level Quasi-Static Push Test Results and PT 
Strand Fuse 
9.1. Introduction 
This chapter presents the behavior of the SC-MRF test frame under story drift levels 
that significantly exceed the MCE-level design demand. Results from extreme MCE-
level quasi-static push tests are presented. This chapter also presents a PT strand fuse 
that was developed to limit the maximum force in the PT strands and to help reduce 
the potential for PT strand fracture under the MCE. Results from a quasi-static push 
test on the SC-MRF test frame with the PT fuse are presented. The probability of PT 
strand fracture when the PT fuse is used is studied in this chapter.  
9.2. PH and TU Quasi-Static Push Tests 
This section presents the results from the PH and TU quasi-static push tests (as listed 
in the test matrix in Table 5.1) on the SC-MRF test frame. The PH and TU tests were 
conducted to evaluate the beam buckling limit state and the PT strand yield limit state, 
respectively.  
The floor displacement histories imposed on the SC-MRF test frame in the PH and TU 
tests are shown in Figure 9.1 and Figure 9.2, respectively. The corresponding story 
drift histories are also shown.  
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As shown in Table 9.1, during the PH and TU tests, the largest s,max=8.4% and 11.1% 
rad, respectively. The largest s,max occurred in the 4
th
 story. These values are much 
larger than the MCE design demand s,MCE=5.9% rad (Table 3.5). The largest 
r,max=6.8% and 7.9% rad for the PH and TU tests, respectively, which are much larger 
than the MCE design demand, r,MCE =4.7% rad (Table 3.5).  
During the PH test, the largest r,max=6.8% rad is at the 4
th
 floor. The largest maximum 
total PT force Tmax=0.81Tu,n is, however, at the 3
rd
 floor, because the strand stiffness 
(as shown by the value of d2kbks /(kb+ks) in Eq. (3.4)) at the 3
rd
 floor is larger than that 
at the 4
th
 floor. During the TU test, the largest Tmax=0.82Tu,n is at the 4
th
 floor. The 
largest Tmax from PH and TU tests, respectively, reached or exceeded the design limit 
for the MCE, 0.9Ty,n= 0.81Tu,n (in Eq. 3.38), but yielding did not occur in the PT 
strands. 
The beam bottom flange and web buckled at the south end of the north-bay beam in 
the 4
th
 floor (denoted as 4FNS) during the PH test (Figure 9.3) and at the north end of 
the north-bay beam in the 4
th
 floor (denoted as 4FNN) during the TU test (Figure 9.4). 
The beam buckled at  r,max=6.8% and 7.4% rad during the PH and TU tests, 
respectively, which are much larger than the MCE design demand r,MCE=4.7% rad 
(Table 3.5), and larger than the largest r,max=5.4% and 6.7% rad respectively from the 
MCE-1 and MCE-2 hybrid simulations. Beam buckling at 4FNS in the PH test 
occurred at a smaller r,max than at 4FNN in the TU test due to the effect of the beam 
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axial force from the inertial force transferred by the floor diaphragm Pfd as discussed 
in Section 4.9.  
The largest loss in total PT force (T=Tend-Ti as defined in Section 6.3.3) 
T=0.014Tu,n and T=0.058Tu,n occurred at the 4
th
 floor for the TU and PH tests, 
respectively (Table 9.1), due to shortening of the beam during the beam flange 
buckling (Figure 9.3 and Figure 9.4). The decrease in total PT force T is shown in 
Figure 9.5(a) and Figure 9.5(b), which show T (normalized by Tu,n) vs. r  response at 
the 4
th
 floor for the PH and TU tests, respectively. In Figure 9.5(b), from Points A to 
B, the beam buckling shortened the beam and caused a loss of PT force, 
TAB=0.04Tu,n. From Points B to C, the total PT force increased due to an increase in 
r. At point C, the PT force began to decrease due to the decrease of  . 
From the PH and TU tests respectively, T=0.014Tu,n and T=0.058Tu,n are not as 
large as seen by Garlock et al. (2005), where T>0.16Tu,n was reported after both the 
web and both flanges buckled (denoted as a “full buckling” for the rest of this 
discussion). In the SC-MRF studied in this research, the beam top flanges do not 
buckle due to the effect of Pfd. When the SC-MRF is subjected to a lateral force at the 
x
th
 floor (Fx) toward the north (Figure 9.6(a)), the maximum compressive axial force 
(Figure 9.6(b)) is at the north end of the north-bay beam (denoted as NN), and the 
beam bottom flange at the NN connection is in compression from the bending (Figure 
9.6(c)). The bending moment at the NN connection causes additional compressive 
force in the bottom flange of the beam, but reduces the compressive force in the top 
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flange. When the SC-MRF is subjected to Fx toward the south (Figure 9.7(a)), the 
maximum compressive axial (Figure 9.7(b)) force is at the south end of the north bay 
beam (denoted as NS), and the beam bottom flange is in compression from the 
bending (Figure 9.7(c)). The bending moment at the NS connection causes additional 
compressive force in the bottom flange of the beam, but causes tension in the top 
flange. Thus, in summary, the maximum compressive strain in the beam will occur 
always in the bottom flange of the north-bay beam. As a result, bucking occurred only 
in the bottom flange and the web, but not in the top flange. Therefore, the “full 
buckling” seen by Garlock et al. (2005) was not observed in the PH and TU tests, and 
the largest T from the PH and TU tests were not as large as observed by Garlock et 
al. (2005). 
9.3. Strand Fuses 
The PBD objective for the SC-MRF under the MCE is to achieve CP performance by 
avoiding beam web buckling and PT strand yielding. To prevent beam web buckling 
under the MCE, beam sizes can be selected to satisfy the beam web compactness 
criterion (Eq. (3.35)). Alternatively, beam web longitudinal stiffeners (Kim and 
Christopoulos, 2008) can be used to avoid beam web buckling. To prevent PT strand 
yielding, one approach is to increase the number of PT strands and decrease the initial 
stress in the strands, so the stress in each strand remains low under the MCE. 
However, additional PT strands require larger holes or more holes in the column 
flanges, which can lead to low cycle fatigue from net section yielding in the column 
 306 
flanges. Another approach is to carefully select the strand anchorages so the PT 
strands have ductile yielding behavior before fracture (Walsh and Kurama, 2010). The 
approach proposed in this research uses a PT strand “fuse”, which yields at a specific 
load to limit the maximum force developed in the PT strands. The PT fuse is shown in 
Figure 9.8. In the SC-MRF test frame, the PT fuses were installed in the 3
rd
 floor at 
one end of the PT strands (Figure 9.8(a)). Each PT fuse is centered on a PT strand, and 
the PT strand passes through the center of the PT fuse. Each PT fuse is supported by 
the column flange at one end and supports the PT anchor at the other end. Therefore, 
each PT fuse carries the same force as the corresponding PT strand.  
A typical PT fuse (Figure 9.8(b)) is composed of wood (poplar) discs (Figure 9.8(b)) 
and an annealed A513 steel tube (Figure 9.8(c)). The tube has a length of 4 in and four 
3/16 in diameter holes drilled around the wall at quarter length locations. The purpose 
of the wood and the holes is to provide more controlled inelastic buckling of the tube. 
The typical normalized force-deformation response of the PT fuse from a uniaxial test 
is shown in Figure 9.9(a), where pfs is the compression force in the PT fuse, tu,n is the 
nominal force capacity of a single PT strand used in the 3
rd
 floor of the SC-MRF test 
frame, Lo,fs=4 in is the length of the steel tube, and fs is the PT fuse axial deformation. 
The PT fuse buckled sequentially at Points 1 and 2 with pfs/tu,n=0.70 and 0.76, 
respectively,  which are lower than the value of 0.9Ty,n/Tu,n=0.81 given in Eq. (3.38). 
The typical deformed shape of a fuse after the uniaxial test is shown in Figure 9.9(b), 
where it is seen that the buckling forms uniformly around the circumference of the 
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tube. The buckling near the ends of the tube corresponds to Point 1 in Figure 9.9(a), 
and the buckling near the mid length of the tube corresponds to Point 2 in Figure 
9.9(a). 
9.3.1. Response of the SC-MRF with PT Fuses 
9.3.1.1. FU Quasi-Static Push Test 
To evaluate the response of the SC-MRF test frame with the PT fuses, the FU quasi-
static push test was conducted. The floor displacement profile and corresponding story 
drifts histories imposed to the SC-MRF test frame are shown in Figure 9.10. The floor 
displacement profile was extracted from a nonlinear time history analysis result for an 
analytical model of the SC-MRF test structure. This profile was scaled up to produce a 
maximum story drift large enough to cause strand yielding. Table 9.1 shows that at the 
3
rd
 floor, Tmax= 0.64Tu,n from the FU test is smaller than Tmax= 0.81Tu,n at the 3
rd
 floor 
from the PH test, while r,max= 6.7% rad at the 3
rd
 floor from the FU test is larger than 
r,max= 6.3% rad from PH test. This result demonstrates that the PT fuses successfully 
limited the force in the PT strands, preventing the PT strands from yielding. 
The total PT force (normalized by Tu,n) vs. r at the 3
rd
 floor is shown in Figure 9.11. 
All PT fuses began to buckle at Point a. From Point a to Point b, the PT strand 
elongation due to gap opening at the joints and the PT strand shortening due to fuse 
buckling are almost equal. Therefore, the total PT strand force remained nearly 
constant until unloading occurred at Point b. The response from Point a to Point b 
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shows the ductile behavior of the PT strands with the PT fuses. The deformed PT 
fuses after the FU test are shown in Figure 9.12. The largest T/Tu,n= 0.64 at Point a in 
Figure 9.11 is less than pfs/tu,n= 0.70 at Point 1 in Figure 9.9(a) because the PT fuses 
did not buckle uniformly around the steel tube circumferences as observed in the 
uniaxial test. The permanent shortening of the PT fuses caused ΔT= 0.2Tu,n at the end 
of the FU test. In an SC-MRF building, the PT fuses would need to be replaced if they 
were activated and buckled during an extreme MCE-level response. 
9.3.2. Probability of PT Strand Fracture with PT Fuses 
This section studies the probability of PT strand fracture in the SC-MRF test frame 
under the MCE when PT fuses are used. 
9.3.2.1. Problem formulation 
In this study, the demand is the total PT strand force under the MCE (    ), and the 
capacity is the total PT strand fracture force capacity for the strands with anchors 
(Tu,a). The probability of fracture of PT strands under the MCE can be expressed as 
follows: 
    =            ) (9.1)  
          is the failure mode. As described in Chapter 8, the mean and standard 
deviation of       (Table 8.6) was calculated from the mean and standard deviation of 
the fracture stress of strands with anchors su,a given by Walsh and Kurama (2010).  
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First, the nonlinearity of the PT fuse force-deformation behavior is simplified to the  
tri-linear behavior shown in Figure 9.13, where py is the compressive yield force of the 
PT fuse, y is the compressive yield deformation of the PT fuse, kto is the elastic axial 
stiffness of the PT fuse, and kt1 is the post-yielding axial stiffness of the PT fuse, pu is 
the ultimate force capacity of the PT fuse, and u is the ultimate deformation capacity 
of the PT fuse. The value of pu in this study is selected to have the following value:  
   = 0.81    (9.2)  
     is the nominal force capacity of a single strand. Since each fuse carries the same 
force as the corresponding PT strand and the PT force limit is defined by the strand 
yield criterion Eq. (3.38), the targeted pu is selected to be 0.81   . That is, the largest 
PT force is selected to be equal to the limiting value of the PT strand force  
0.9Ty,n=0.81Tu,n. u is the deformation corresponding to pu in the PT fuse response 
(Figure 9.13). The value of u can be understood to be reached when   =0.81   . 
Later, u is treated as an random variable to investigate the probability of PT strand 
fracture. The variation of u (as a random variable) accounts for variability in the 
force-deformation behavior of the PT fuse after yielding. In the simplified fuse 
response of Figure 9.13, when the force reaches pu, the PT fuse is considered to have 
no further deformation capacity (i.e., u is the PT fuse deformation capacity).     is 
calculated as follows: 
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    =                (9.3)  
where      =            )   (9.4)  
      is the calculated net section area of the steel tube,      is the wall thickness of 
the steel tube, OD is the outer diameter of the steel tube, and ID is the inner diameter 
of the steel tube.    and    in Figure 9.13 are treated as independent variables.    and 
    are derived variables and can be calculated as follows: 
   =        (9.5)  
    =        )       ) (9.6)  
Each of the PT strands had one fuse (see Section 9.3). Hence, considering the total 
number of PT strands (  )  the total fuse compressive yield force    ), the total fuse 
elastic axial stiffness (   ), the total fuse post-yielding axial stiffness (   ), and the 
total fuse ultimate force capacity    ) can be calculated as follows: 
   =      (9.7)  
   =     = 0.81    (9.8)  
    =                (9.9)  
    =        )       ) (9.10)  
To compare the total PT strand elongation (    ) due to the gap opening at the beam-
to-column joints with the total PT strand shortening caused by the PT fuse 
deformation    and   ,      is calculated as follows: 
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     =              (9.11)  
where       is the average connection rotation (over one floor) under the MCE, the 
factor of 2 is the number of connections within one bay, and Nbay is the number of 
bays of the SC-MRF test frame. For this SC-MRF test frame, Nbay=2. 
Based on magnitude of      relative to    and   , the total force in the PT strands 
under the MCE      can be calculated considering three cases with different values of 
    . These three cases are denoted      ,      , and      , and are calculated as 
follows:  
Case 1:        , 
 
     =         
[
 
 
 
 
 
    
 
⁄
 
 
    
  
⁄       
⁄
]
 
 
 
 
 (9.12)  
Case 2:           , 
 
     =                 )
[
 
 
 
 
 
    
 
⁄
 
 
    
  
⁄       
⁄
]
 
 
 
 
 (9.13)  
Case 3:         , 
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     =             )
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⁄
]
 
 
 
 
 (9.14)  
In Eq. (9.12), (9.13), and (9.14),       is equal to or larger than    ,       is equal to 
or larger than   , and       is equal to or larger than   .  
Using the total probability theorem and based on the Venn diagram in Figure 9.14,    
in Eq. (9.1) can be expressed as follows: 
   =     +     +               (9.15)  
where 
    =  (          |        )  (       ) (9.16)  
    =  (          |             )  (           ) (9.17)  
    =  (          |        )  (       ) (9.18)  
In Eq. (9.16), (          |        ) permits that      has three possible ranges of 
value (see Figure 9.15(a)): (ai)              , (aii)           , and (aiii) 
       . By combining (ai), (aii), and (aiii) with Eq. (9.12), (9.13), and (9.14), Eq. 
(9.16) can be expressed as follows: 
    = 
 [(       )             ) |        ] (       )   
  (          )             ) |          (       )+ 
  (        )             ) |          (       ) 
(9.19)  
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Similarly, in Eq. (9.17), (          |             )  permits that      has two 
possible ranges of value (see Figure 9.15(b)): (bi)              and (bii)    
    . Combining (bi) and (bii) respectively with Eq. (9.13) and (9.14), Eq. (9.17) can 
be expressed as follows: 
    =  
  (          )             ) |             (          )+ 
  (       )             ) |             (          ) 
(9.20)  
In Eq. (9.18),           |        ) indicates          (see Figure 9.15(c)). 
Combining         with Eq. (9.14), Eq. (9.18) can be expressed as follows: 
    =            )  (          ) |            (       ) (9.21)  
Finally, by substituting Eq. (9.15), (9.16), and (9.17) into Eq. (9.15),    can be 
calculated as follows: 
  =  [        )  (          )|                     )   
  (          )             ) |          (       )+ 
 [(        )             ) |        ] (       )   
  (          )             ) |             (          )+ 
  (        )             ) |             (          )+ 
           )  (          ) |            (       ) 
(9.22)  
 
 314 
9.3.2.2. Probability of PT Strand Fracture using the PT fuses under MCE 
Using the formulation described in the previous section, the Monte-Carlo simulation 
method was used to estimate the probability of PT strand fracture using the PT fuses. 
The Monte-Carlo simulation method used in this study uses the following procedure: 
Step 1. Define counts:        ;            ;           . 
Step 2. Choose number of simulations,     . 
Step 3. Determine values for deterministic variables: Pu, Kto, kb and ks. 
For i = 1 ..      
Step 4. Generate random numbers for independent random variables: 
      ,   ,   , and     . 
Step 5. Generate random numbers for derived random variables:     , 
   and    . 
Step 6. Compare      with    and   ; calculate derived random 
variables:      ,      , or      . 
Step 7. Compare       ,      , and        with     ; 
If           ,        . 
If           ,        . 
If           ,        . 
Step 8. Compare       with    and    and count for PT strand fracture. 
If        ,        . 
If           ,        . 
If        ,        . 
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End For 
Step 9. Calculate     
        
    
  
    
 ,  
         
     
    
  
    
 , and  
                    
  
    
  
    
 . 
Step 10.               . 
In this reliability study,     =20,000 is used.   =268 kip,    =33420 kip/in,   =1045 
kip/in,   =79 kip/in, and d2=9 in were used.    ,   ,     , and        are the 
independent random variables.   ,   , and      are assumed normally distributed. 
      is assumed log-normally distributed. Mean and standard deviation values used 
in this study to generate random numbers for   ,   ,      , and      are listed in 
Table 9.2. The mean and standard deviation of       in Table 9.2 are based on the 
time history analysis results by Seo et al. (2012), where the fuse was not included in 
the SC-MRF test structure model.  
Note that    and u mean values are based on the test result from a single fuse as 
shown in Figure 9.9, and the standard deviations are calculated using an assumed 
coefficient of variations equal to 0.1 and 0.2 for    and   , respectively. These mean 
and standard deviation values can be updated by testing more fuses. The mean and 
standard deviation of      are based on the peak PT strand stress from tests by Walsh 
and Kurama (2010) multiplied by the PT stand nominal area and by   =8 as in the 3
rd
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floor of the SC-MRF test frame in the 3
rd
 floor. The mean and standard deviation of 
     are derived from the mean and standard deviation of       listed in Table 9.2. 
The histogram of randomly generated       is shown in Figure 9.16. Figure 9.17 
shows the histograms of the other random variables in the simulation.       (Figure 
9.17(d)) is always larger than    (Figure 9.17(f)), and based on Eq. (9.12),       
(Figure 9.17(c)) is a null set. From Figure 9.17(a), (c), (e) and (f), it can be seen that 
           is the set that dominates the probability of PT strand fracture. The result 
from Monte-Carlo simulations shows when using the PT fuses on the 3
rd
 floor PT 
strands, the SC-MRF system has a 13% probability of strand fracture in the 3
rd
 floor 
under the MCE. 
In order to understand how the PT fuse deformation capacity (   ) changes the 
probability of PT strand fracture,    is estimated for a different mean value of    
(denoted as    ) by using the same Monte-Carlo simulation procedure described 
previously. Figure 9.18 shows that    decreases dramatically from    =1.6 to 2.5 in. 
The PT strands would have less than 1% probability of fracture when the PT fuses 
have    =3 in. If the PT fuses tested in the SC-MRF test frame with a mean 
deformation capacity of 1.6 in were installed at the both ends of the PT strands, giving 
a total mean deformation capacity of 3.2 in, the PT strands under the MCE would have 
less than 1% probability of fracture. This study shows that an appropriately designed 
PT fuse provides a low probability of strand fracture for the SC-MRF system. Details 
on fuse installation and replacement need to be developed. The mean and standard 
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deviation of       could be updated including the fuse in the nonlinear analysis 
model. The performance of an SC-MRF with fuses on all PT strands also needs further 
study.   
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Table 9.1 Results from the PH, TU, and FU quasi-static push tests 
 
Floor 
rf,max 
(%rad) 
s,max 
(%rad) 
r,max 
(%rad) 
Tmax/Tu 
(%) 
ΔT/Tu,n 
(%) 
PH 
4
th
  -2.8 -8.4 -6.8 74 -1.4 
3
rd
  -- -5.1 -6.3 81 -0.0 
2
nd
  -- -2.2 -2.7 59 -0.1 
1
st
  -- -2.0 -1.9 55 -0.6 
TU 4
th
  -- 11.1 7.9 82 -5.8 
FU 
4
th
  5.0 7.9 7.4 81 -1.8 
3
rd
  -- 6.7 6.7 64 -20.5 
2
nd
  -- 4.7 4.8 71 -0.4 
1
st
  -- 2.3 2.9 61 -0.5 
 
 
Table 9.2 Mean and standard deviation of independent random variables for reliability 
study of fracture of the PT strands at the 3
rd
 floor of the SC-MRF test frame . 
 
    
(kip) 
   
(in) 
        ) 
(% rad) 
     
(kip) 
Mean 175 1.6 1.4 320 
Standard Deviation 17.5 0.32 0.37 7 
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Figure 9.1  PH test: (a) imposed floor displacement and (b) story drift histories.  
 
 
 
 
 
 
 
Figure 9.2  TU test: (a) imposed floor displacement and (b) story drift histories. 
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Figure 9.3 Beam web and bottom flange buckling in PH test: 4FNS connection. 
 
 
 
Figure 9.4 Beam web and bottom flange buckling in TU test: 4FNN connection. 
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Figure 9.5  Total PT force vs. r  in the 4
th
 floor from the (a) FU and (b) TU tests. 
 
Beam buckled at θr=6.8% rad. 
(a) 
(b) 
θr=7.4% rad @ point A. 
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Figure 9.6  Schematics of (a) lateral force toward the north, (b) beam axial force 
diagram, and (c) beam moment diagram. 
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Figure 9.7  Schematics of (a) lateral force toward the south, (b) beam axial force 
diagram, and (c) beam moment diagram. 
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Figure 9.8 (a) PT Fuses installed at the 3
rd
 floor of the SC-MRF test frame; (b) PT 
fuse, (c) wood discs, and (d) annealed steel tube.  
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Figure 9.9 Typical PT fuse normalized strength-deformation behavior; (b) deformed 
PT fuse. 
 
 
  
Figure 9.10  FU test: (a) imposed floor displacements and (b) story drifts histories.  
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Figure 9.11  FU test: (a) normalized total PT force vs. rθ  in 3rd floor of the SC-MRF 
test frame. 
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Figure 9.12  Deformed PT fuses from the FU test: (a) east-side and (b) west-side 
views. 
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Figure 9.13  Simplified PT fuse force-deformation behavior. 
 
 
 
 
Figure 9.14  Venn diagram for reliability study on fracture of the PT strands using PT 
fuses. 
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Figure 9.15  Possible subsets for TMCE relative to Py, Pu, Tu,a. 
 
 
 
 
 
 
 
 
 
Figure 9.16  Histogram of randomly generated r,MCEθ . 
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Figure 9.17  Histograms of random variables. 
(a) (b) 
(c) (d) 
(e) (f) 
(g) 
(h) 
 Tu,a (kip) 
 330 
 
Figure 9.18  Probability of strand fracture of SC-MRF test structure as using PT fuses 
with various mean deformation capacity. 
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Chapter 10 
Comparison between SC-MRF and W-SMRF 
10.1. Introduction 
This chapter compares the SC-MRF system to a conventional steel special MRF 
system with welded connections (W-SMRF). A prototype W-SMRF was designed for 
the prototype building (Chapter 3). Steel weights of the two prototype MRFs are 
compared. The behavior of the two MRF systems are compared based on static push 
analysis results. 
10.2. Prototype W-SMRF Building 
To compare the SC-MRF system studied by this research to a conventional steel 
special MRF with welded connections (W-SMRF), a full-scale prototype W-SMRF 
shown in Figure 10.1 was designed. The design of the W-SMRF complied with ASCE 
7 (2005) and AISC (2005a and 2005b). Each side of the building plan perimeter has 
one 5x5-bay W-SMRF. ASTM A992 steel is used throughout the W-SMRF. The steel 
section sizes shown in Figure 10.1(b) were selected to satisfy the member force design 
demands from the load effect combination of 1.4D+0.5L+1.0QE per ASCE 7 (2005), 
where D is the dead load, L is the live load, and QE is the ELF corresponding to the 
design base shear Vdes (per ASCE 7 2005) for the complete building. The 1
st
 mode 
period of the W-SMRF building is 1.51 sec, which is determined from an elastic 
analysis using SAP2000. The selected steel sections satisfy the strong column-weak 
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beam criterion given by the AISC Seismic Provisions for Steel Buildings (AISC 2005a). 
The W-SMRF building satisfies the 2% drift limit defined by ASCE 7 (2005).  
The section sizes of the full-scale prototype W-SMRF and the full-scale prototype SC-
MRF (Section 3.5.3) are compared in Table 10.1. The beam section sizes are heavier 
in the SC-MRF than in the W-SMRF. The section sizes of the SC-MRF interior 
columns are lighter than those of the W-SMRF interior columns. The SC-MRF 
exterior columns have the same section size as the W-SMRF exterior columns in the 
first two stories, but have a larger section size than the W-SMRF exterior columns in 
the upper two stories. As listed in Table 10.1, the total steel weight of the full-scale 5-
bay W-SMRF (Figure 10.1(b)) is 187 kips. The total steel weight of the corresponding 
full-scale 5-bay SC-MRF structure (including two 2-bay SC-MRFs as shown in Figure 
3.11 with W16x31 gravity beams spanning between, and the beam flange reinforcing 
plates) is 173 kips.  Therefore, the W-SMRF is about 8% heavier. 
10.3. Model for W-SMRF 
Taking advantage of the building plan symmetry, the complete W-SMRF building is 
idealized to half of the building plan (Figure 10.2(a)). The W-SMRF is modeled as a 
two-dimensional structure (Figure 10.2(b)), and the rest of the structure in the half 
building plan is modeled as a lean-on column (Figure 10.2(b)). 
At the ground level (Figure 10.2), pin supports are used for the exterior columns of the 
W-SMRF to restrain the lateral movement. Fixed supports at the W-SMRF columns at 
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the base level are used in the model, consistent with the boundary conditions of the 
prototype W-SMRF building (Figure 10.1(b)). 
W-SMRF beams and columns are modeled using bi-linear beam-column fiber 
elements. Each beam or column element has 10 segments along the length and 60 
fibers along the depth (20 fiber layers along the depth of the flange; 20 fiber layers 
along the depth of the web). A typical model of a W-SMRF connection is illustrated in 
Figure 10.3. The panel zone element (described in Chapter 8) is used to model the W-
SMRF panel zones. The panel zone model for the W-SMRF includes only the shear 
deformation mode and the double curvature deformation modes (i.e., mode U3, and 
modes U6 and U7 in Figure 8.3). The other deformation modes in the W-SMRF 
connections are assumed to be relatively small and neglected by assigning rigid 
stiffness properties. Material deterioration is not included in the W-SMRF model. 
The lean-on column (Figure 10.2(b)) accounts for the elastic stiffness of the gravity-
load-carrying columns using elastic-beam-column elements. The lean-on column 
section properties are determined by combining the section properties of the columns 
within the building plan region for the lean-on column as shown in Figure 10.2(a). 
The lean-on column also includes the P- effects of the gravity loads braced by the W-
SMRF. The gravity loads include the dead loads in Table 3.1, the partition live load, 
and 25% of the office live load in Table 3.2. Based on tributary area, gravity loads are 
applied on the beams and columns of the W-SMRF model. The remaining gravity 
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loads of the half-building (i.e., the gravity loads that are not carried by the W-SMRF 
members) are applied to the lean-on column nodes. 
Since the W-SMRF model considers half of the building plan, the seismic masses of 
the model (Table 10.2) include half of the complete building. The masses are lumped 
at the lean-on column nodes as shown in Figure 10.2(b). The inertia force at each floor 
level is assumed to be transferred equally to each of the two W-SMRFs in the building. 
At each floor level, the nodes on the W-SMRF columns (as shown in Figure 10.2(b)) 
are slaved to the corresponding node on the lean-on column to implement a rigid floor 
diaphragm model. 
10.4. Static Push Analysis 
In this section, static push analysis results from the W-SMRF model are compared to 
the results from the SC-MRF test structure model using the TFM2 model (Section 
8.2.4.3) to show the relative strength of the SC-MRF and the W-SMRF. 
The normalized floor lateral force profile listed in Table 10.3 was used in the W-
SMRF. The static push result is shown in Figure 10.4, where Vbase is the base shear 
from the W-SMRF static push analysis, Ws,W-SMRF is the half of the seismic weight of 
the complete building (i.e., half of W as defined in Section 3.5.1.2), and θrf is the roof 
drift. The first yielding occurred in the columns at the ground level when Vbase/Ws,W-
SMRF=0.12. Beam yielding started when Vbase/Ws,W-SMRF=0.2. At θrf=2.6% rad, the W-
SMRF reaches its ultimate strength (which is about 3.1 times Vdes/W). 
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The push analysis result for the S-WMRF is normalized and compared with the result 
for the SC-MRF test structure model in Figure 10.5(a), where Vbase is the the base 
shear and Wseismic is the the seismic weight. Note that Wseismic used for the W-SMRF 
model equals W/2, and Wseismic used for the SC-MRF test structure model equals W/4 
times the mass scale factor (Table 4.1). As shown in Figure 10.5(a), the SC-MRF 
initial stiffness is smaller than that of the W-SMRF, because the ground link flexibility 
of the SC-MRF test frame (Section 8.2.1) is included in the static push analysis; 
however, in the S-WMRF model, the ground level has pin supports restraining the 
ground-level lateral movement. 
To compare the two MRFs with similar ground-level restriction conditions, the ground 
link axial stiffness of the SC-MRF test structure model using the TFM2 model 
(Section 8.2.4.3) was increased by a factor of 200. This model is denoted as the SC-
MRF TFM2-RG model. The static push analysis results from the W-SMRF and the 
SC-MRF TFM2-RG models are compared in Figure 10.5(b). The initial stiffness of 
the W-SMRF and the SC-MRF are similar. Most connections of the SC-MRF 
decompress and the lateral stiffness of the SC-MRF softens at rfrad when 
Vbase/Wseismic=0.08 (which is equal to Vdes/W for both prototype buildings).The lateral 
stiffness of the W-SMRF softens at Vbase/Wseismic=0.17 and rf rad due to 
yielding at the column bases. The first significant yielding in the SC-MRF occurs at 
the column bases when Vbase/Wseismic =0.12 and rf =2.1% radAt θrf=2.6% rad, which 
is the DBE-level design demand for the SC-MRF, the W-SMRF reaches its ultimate 
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strength (Vbase/Wseismic=0.25, approximately 3.1Vdes/W). The base shear for the SC-
MRF at θrf =2.6% rad is only Vbase/Wseismic =0.14, approximately 1.7Vdes/W. After θrf 
=2.6% rad, the lateral force resistance of the SC-MRF increases as connection gap 
opening increases, while the lateral force resistance of the W-SMRF decreases due to 
P- effects.  
Overall, the SC-MRF has less lateral force resistance than the W-SMRF after the point 
where Vbase/Wseismic exceeds 0.08. Alternately, after Vbase/Wseismic exceeds 0.08, the 
SC-MRF has a larger θrf than the W-SMRF for the same value of Vbase/Wseismic. The 
SC-MRF could be redesigned with larger members to increase the stiffness and reduce 
the drift response and still be economical (in terms of weight) relative to the W-
SMRF.  
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Table 10.1 Section sizes of the prototype W-SMRF and the prototype SC-MRF 
 Floor 
Prototype 
W-SMRP 
Prototype 
SC-MRF 
Exterior column 
4
th
  W14x159 W14x176 
3
rd
  W14x159 W14x176 
2
nd
  W14x233 W14x233 
1
st
  W14x233 W14x233 
Interior column 
4
th
  W14x283 W14x193 
3
rd
  W14x283 W14x193 
2
nd
  W14x398 W14x257 
1
st
  W14x398 W14x257 
Beam 
4
th
  W24x84 W24x94 
3
rd
  W30x116 W30x132 
2
nd
  W33x130 W30x148 
1
st
  W33x141 W30x148 
Estimated total steel weight for 
 5-bay frame 
187 kips 173 kips 
 
 
 
Table 10.2 Masses for the prototype W-SMRF model 
Floor Mass (kip-sec
2
/in) 
4
th
  5.9 
3
rd
  5.4 
2
nd
  5.4 
1
st
  5.5 
 
 
 
Table 10.3 Floor lateral force profile for static push analysis 
Floor Floor lateral force (kips) 
4
th
   0.44 
3
rd
   0.29 
2
nd
   0.18 
1
st
   0.09 
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Figure 10.1 Schematics of the W-SMRF prototype (a) plan and (b) elevation.  
 
 
 
 
  
Figure 10.2 Schematic (a) idealized prototype building plan and (b) prototype W-
SMRF analytical model elevation. 
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Figure 10.3 Model for W-SMRF connections. 
 
 
 
 
 
Figure 10.4 Static push results for W-SMRF. 
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Figure 10.5 Push analysis results: (a) W-SMRF vs. SC-MRF TFM2 and (b) W-SMRF 
vs. SC-MRF TFM2-RG. 
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Chapter 11 
Summary and Conclusions 
11.1. Summary 
11.1.1. Motivation for Present Research 
Conventional steel special moment resisting frames with fully restrained welded 
beam-to-column connections (W-SMRFs) are widely used in building structures due 
to their ductility and energy dissipation capacity under earthquake loading. It is well 
known that the ductility and energy dissipation in a W-SMRF occur as the main 
structural members are damaged. This damage can lead to residual drift in a W-SMRF 
after an earthquake.  Miranda (2009) found that the amplitude of permanent residual 
story drift, rather than collapse, is the most important contributor to economic losses 
for ductile structures. Larger residual drifts will result in greater building losses. 
Therefore, steel self-centering moment resisting frame (SC-MRF) systems were 
developed to avoid earthquake-induced residual drift of steel frame buildings. 
Steel self-centering moment resisting frame (SC-MRF) systems have been studied 
since late 1990s (Garlock et al. 1998; Ricles et al. 2001; Rojas et al. 2005; Tsai et al. 
2008; Kim and Christopoulos 2008; Wolski et al. 2009; Iyama et al. 2009). The  
previous research has studied the behavior of PT beam-to-column connections and 
various energy dissipation devices for PT connections. However, experimental 
evaluation of the system-level behavior of an SC-MRF has been needed. Hence, this 
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present research evaluated system-level behavior and performance, and design 
objectives and design criteria for an SC-MRF system. 
11.1.2. Research Objectives and Scope 
The overall research objectives are: (1) to experimentally assess the behavior, 
performance, and design concepts of an SC-MRF system at various earthquake hazard 
levels; and (2) to acquire experimental data from system-level tests to validate existing 
SC-MRF analytical models. To achieve the research objectives, the following tasks 
were conducted: 
1. Design a prototype building with SC-MRFs as the lateral force resisting 
system; 
2. Design a large-scale SC-MRF test structure based on the prototype SC-MRF 
building;  
3. Conduct experiments to study the behavior and seismic performance of the SC-
MRF test structure; 
4. Evaluate the design formulas and criteria and assess the seismic performance 
using acquired experimental data; 
5. Compare response predictions of analytical models with the experimentally 
measured response of the SC-MRF test structure; 
6. Develop and assess a PT fuse device for inhibiting yielding and fracture of the 
PT strands in an SC-MRF; 
7. Conduct reliability analysis for selected SC-MRF limit states; 
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8. Compare an SC-MRF with a conventional W-SMRF. 
11.1.3. Findings 
This section summarizes the findings from experimental and analytical studies on the 
SC-MRF system. 
11.1.3.1. Findings from Experimental Studies 
 The beam flange contact condition is critical to the connection moment-
relative rotation (M-r) response. Beam flange contact flexibility reduces the 
connection M-r initial stiffness. The connection relative rotationr is larger 
than zero before the connection moment reaches the decompression moment 
(Md) due to beam flange contact flexibility. 
 A more flexible beam flange contact condition is caused by column flanges 
that are not flat and/or not perpendicular to the beam longitudinal axial (i.e., 
that are deformed out-of-plane of the column flange). Without bearing 
stiffeners installed in a column panel zone, shrinkage of panel zone doubler 
plate welds results in column flange out-of-plane deformation. 
 Bearing stiffeners in all panel zones are recommended, even if they are not 
required by the panel zone design criteria, because the panel zone bearing 
stiffeners can be used to eliminate out-of-plane deformation of the column 
flanges due to the shrinkage of the web doubler plate welds. As a result, the 
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beam flanges will have better contact conditions resulting in less contact 
flexibility. A good contact condition over 80% of the beam flange width near 
the web provide a stiif initial M-r stiffness. A gap of 0.016 in the contact 
surface within this 80% of the beam flange width near the web will lead to a 
soft initial M-r stiffness. 
 Improving the beam flange contact conditions increases the connection M-r 
initial stiffness and also increases the SC-MRF test frame elastic stiffness.  
 The elastic flexural deformation of the friction channels of the beam web 
friction devices (WFDs) produces softening in the post-decompression 
connection M-r stiffness before MIGO is reached. 
 WFDs provided reasonable energy dissipation for the SC-MRF. The 
connection effective energy dissipation ratio (E) values from the experiments 
are close to the design values for E. 
 E from the experiments is higher than its design value at larger values of r 
due to friction bolt bearing against the longitudinal slots of the beam web. 
 The maximum roof drift rf,max=3.5% rad and 4.6% rad respectively during the 
DBE-level and MCE-level hybrid simulations. The maximum story drift 
s,max=4.9% rad and 7.2% rad respectively during the DBE-level and MCE-
level hybrid simulations. The maximum connection average rotation      = 
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4.4% rad and 7.2% rad respectively during the DBE-level and MCE-level 
hybrid simulations. The largest s,max always occurs in the 4
th
 story.       
always occurs in the 4
th
 floor.  
 The maximum residual story drift equaled 0.075% rad and 0.11% rad 
respectively during the DBE-level and MCE-level hybrid earthquake 
simulations. The SC-MRF was observed to always self-center after the DBE-
level and MCE-level earthquakes. 
 Based on results of hybrid earthquake simulations on a 4-story SC-MRF test 
structure, considered as part of the present study, transformation factors 
C=1.56 and Crs=0.93 were determined. Considering analysis results from 
other researchers, Cθ=1.6 and Crs=0.9 are recommended. 
 The columns yielded at the ground level during the DBE-3 and DBE-4 
simulation. This column yield was expected based on the performance-based 
design (PBD) criteria for the DBE. 
 The maximum beam flange strain at the end of reinforcing plates rp,max=1.02y 
during the DBE-4 hybrid simulation. This level of beam flange strain is 
expected based on the PBD criteria for the DBE. The maximum beam flange 
strain at the end of the reinforcing plates rp,max=9.02y occurred during the 
MCE-2 hybrid simulation. This large strain is expected by the PBD criteria for 
the MCE. 
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 Use of the P-M interaction design formula (i.e., Eq. (3.29)) as proposed by 
Herning et al. (2011) was found to be effective for controlling plastic 
deformation of the beam flange at the end of the beam reinforcing plate. 
 The maximum total PT force Tmax=0.68Tu,n and 0.81Tu,n respectively during 
the DBE-4 and MCE-2 hybrid simulations. The PT strands did not yield during 
any hybrid earthquake simulation. 
 The largest loss in the total PT force T=0.013Tu,n during the DBE-4 hybrid 
simulation, and the largest loss in total PT force T=0.025Tu,n during the 
MCE-2 hybrid simulation. These losses were due to yielding in the beams and 
seating of the PT anchorages. 
 The largest residual drift was 0.063% rad after the post-MCE aftershock hybrid 
simulations. The SC-MRF system maintained self-centering behavior even 
after yielding in the beams and columns from earlier MCE-level hybrid 
simulations.     
 Eq. (3.1) can be used to calculate the connection moment for an SC-MRF with 
WFDs. Eq. (3.2) can be used to calculate the friction force resultant in the 
WFD (Ff). The friction coefficient =0.4 gives a reasonable estimate for Ff. 
 During the hybrid earthquake simulations, the beam axial force from the 
inertial force transferred by the floor diaphragm in the south bay (i.e., sliding 
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bay) of the SC-MRF test frame was found to be approximately equal to 25% of 
the floor inertial force applied in the north bay (i.e., FD bay) as assumed in the 
design of the 2-bay SC-MRF. 
 The SC-MRF test structure was essentially damage-free under the DBE-level 
hybrid simulations, with minimal yielding and maintained self-centering 
behavior. This level of structural seismic performance enables immediate 
occupancy (IO) performance of an SC-MRF building. 
 The SC-MRF test frame achieved collapse prevention (CP) performance with 
minor damage and maintained self-centering behavior under the MCE hybrid 
simulations. 
11.1.3.2. Findings from Nonlinear Analytical Studies  
 Results from the nonlinear analytical model of the SC-MRF test structure are 
very close to results from experiments conducted on the SC-MRF test 
structure. 
 Analytical results showed that the connection initial stiffness is significantly 
affected by the beam flange contact stiffness. The beam flange contact 
condition also  influenced the coefficient values of the elastic stiffness matrix 
of the SC-MRF analytical model. These findings are in accord with those from 
the experimental results.   
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 The    design demand under the DBE,         =3.1% rad is close to the 
median maximum response for    from the nonlinear time history analyses 
under the DBE,         =3.0% rad. The    design demand under the MCE, 
        =4.7% rad is smaller than the median maximum response for    from 
nonlinear time history analyses under the MCE,         =5.3% rad. The 
probability of the maximum response from nonlinear time history analyses 
exceeding the    design demand equals 45% under the DBE and equals 63% 
under the MCE. The 63% probability of exceedance indicates that an improved 
probabilistic procedure to estimate the    design demand under the MCE is 
needed. 
 Analytical results showed that the largest maximum total PT strand force 
response among floors of the SC-MRF test structure under the MCE ( MCE,anT ) 
has 11% probability of exceeding the total PT strand nominal ultimate force 
capacity (Tu,n). Tu,n is taken as the nominal PT strand fracture force capacity. 
 MCE,anT  has 24% probability of exceeding the nominal total PT strand yield 
force capacity (Ty,n=0.9Tu,n). MCE,anT has 48% probability of exceeding 0.9Ty,n 
(the PT strand yield criterion, Eq. (3.38)). Using 0.9Ty,n in the PT strand yield 
criterion creates reasonable safety margin against nominal strand fracture. 
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 Considering the total PT strand ultimate force of strands with anchors (Tu,a), 
MCE,anT  
has 13% probability of exceeding Tu,a. Using 0.9Ty,n in the PT strand 
yield criterion creates reasonable safety margin against nominal strand 
fracture. 
11.1.3.3. Findings from Extreme-level MCE Tests and PT Fuse Study  
 During the TU and PH quasi-static pushover tests, SC-MRF beam buckling 
developed in only the bottom flange and web, but not in the top flange due to 
the effect of the beam axial force from the inertial force transferred by the floor 
diaphragm Pfd. Hence, beam buckling did not result in a significant loss in PT 
force. 
 Results from the FU quasi-static pushover test demonstrated that the PT fuse 
developed in this dissertation successfully limited the maximum force in the 
PT strands. The PT fuse can delay the occurrence of PT strand fracture in an 
SC-MRF under extreme-level lateral drifts. The PT fuses will need to be 
replaced and the PT strands will need to be re-stressed after buckling of the PT 
fuse, since buckling damages the PT fuses and leads to losses in the PT force .  
 Reliability studies showed that using the fuse provides the potential for a low 
probability (less than 1%) of PT strand fracture in the SC-MRF under the 
MCE. 
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11.2. Conclusions 
This research has led to the following conclusions: 
 SC-MRFs can be designed to enable immediate occupancy (IO) performance 
of an SC-MRF building with minimal yielding in the main structure members 
under the DBE. 
 SC-MRFs can be designed to achieve collapse prevention (CP) performance 
with minor damage while maintaining self-centering behavior under the MCE. 
 The design procedure and criteria for SC-MRF systems are effective, enabling 
CP and IO performance to be reached. However, improved estimates of       
design demand are needed.  
 Panel zone bearing stiffeners in the columns of SC-MRFs are strongly 
recommended even if they are not required by design calculations. 
 PT strand fuses help to avoid PT strand yielding and fracture, leading to 
enhanced CP performance of an SC-MRF under the MCE. 
 SC-MRFs have the potential to be economical. SC-MRFs do not require 
greater steel weight than conventional welded special MRFs and do not require 
oversized members to achieve IO and CP performance. 
11.3. Original Contributions 
This research made the following original contributions: 
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 Expanded the knowledge of SC-MRF connection and system behavior. 
 Enhanced the performance-based design procedure, formulas, and criteria for 
an SC-MRF system. 
 Validated the expected system-level performance of an SC-MRF by 
conducting large-scale laboratory tests and comparing experimental results to 
design objectives 
 Validate the performance-based design procedure, formulas, and criteria by 
conducting tests on a large-scale SC-MRF system and comparing the 
experimental results with the design formulas and criteria. 
 Developed a special seismic-performance-enhancing PT fuse device for an SC-
MRF system. 
 Demonstrated the application of reliability analysis for selected SC-MRF limit 
states.  
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